Tunneling spectroscopy of highly ordered organic thin films by Törker, Michael
  
Institut für Angewandte Photophysik 
Fachrichtung Physik 
Fakultät Mathematik und Naturwissenschaften 
Technische Universität Dresden 
 
 
 
Tunneling spectroscopy of highly ordered organic thin films 
 
 
 
Dissertation 
zur Erlangung des akademischen Grades  
Doctor rerum naturalium 
(Dr. rer. nat.) 
 
 
 
 
vorgelegt von 
Michael Törker 
geboren am 14.07.1971 in Dresden 
 
 
 
 
 
 
 
 
 
 
Dresden 2002 
 
 
 2
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Eingereicht am: 10.10.02 
 
1. Gutachter: Prof. Dr. K. Leo 
 
2. Gutachter: Prof. Dr. J. Fink 
 
3. Gutachter: Prof. Dr. J. P. Rabe 
 
Verteidigt am: 23.04.03 
 
 
 
 
 
 3
Contents 
 
1 Introduction................................................................................................................... 
2 Analytical methods....................................................................................................... 
2.1 Scanning tunneling microscopy (STM)......................................................... 
2.2 Scanning tunneling spectroscopy (STS)........................................................ 
2.2.1 The transfer Hamiltonian approach................................................. 
2.2.2 Model calculations........................................................................... 
2.2.3 Normalization methods................................................................... 
2.2.4 Reliability criteria............................................................................ 
2.3 Low energy electron diffraction (LEED)....................................................... 
 
3 Review of Literature..................................................................................................... 
3.1 STS on highly ordered organic molecular thin films………………………. 
3.2 The molecule 3,4,9,10-perylenetetracarboxylic-3,4,9,10-dianhydride.......... 
3.3 The molecule hexa-peri-hexabenzocoronene................................................. 
 
4 Experimental................................................................................................................. 
4.1 UHV system................................................................................................... 
4.2 Crystal preparation......................................................................................... 
4.3 Molecular beam deposition............................................................................ 
4.4 STM tip preparation....................................................................................... 
4.5 STS measurements......................................................................................... 
4.6 LEED measurements...................................................................................... 
 
5 Results and discussion................................................................................................. 
5.1 The Au(100) surface............................................................................... 
5.2 PTCDA on Au(100)....................................................................................... 
  5.2.1 Structural characterization............................................................... 
 5.2.2 STS on PTCDA on Au(100) 
  5.2.3 Comparison of STS results to UPS/IPES data and HREELS 
                        results 
 5.2.4 Conclusions..................................................................................... 
5.3 HBC on Au(100)............................................................................................ 
  5.3.1 Structural characterization............................................................... 
 5.3.2 STS on HBC on Au(100)………………………………………… 
  5.3.3 Comparison of STS results to UPS measurements.......................... 
5.3.4 Comparison of STS to semi-empirical quantum chemistry  
calculations............................................................................................... 
8 
10 
10 
11 
11 
16 
24 
29 
29 
 
31 
31 
32 
35 
 
37 
37 
39 
40 
40 
41 
41 
 
43 
43 
48 
48 
58 
71 
 
73 
75 
75 
84 
88 
 
91 
Contents 4
 
5.3.5 Comparison of STS results to DFT-based Landauer transport 
calculations............................................................................................... 
5.3.6 Conclusions..................................................................................... 
5.4 Heterostructures PTCDA/HBC/Au(100)....................................................... 
5.4.1 Structural characterization............................................................... 
 5.4.2 STS on PTCDA on HBC on Au(100)……………………………. 
  5.4.3 Conclusions..................................................................................... 
6. Summary and outlook.................................................................................................. 
6.1 Structure......................................................................................................... 
6.2 Tunneling spectroscopy................................................................................. 
6.3 Outlook........................................................................................................... 
 
Bibliography.................................................................................................................... 
Acknowledgment............................................................................................................. 
 
 
97 
101 
102 
102 
108 
112 
113 
113 
114 
115 
 
116 
122 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 5
 
Parts of this work have been published in the following articles: 
 
Journal papers 
 
M. Toerker, T. Fritz, H. Proehl, R. Gutierrez, F. Großmann, and R. Schmidt: “Electronic 
transport through occupied and unoccupied states of an organic molecule on Au: Experiment 
and theory”, Phys. Rev. B 65 (2002) 245422. 
 
M. Toerker, T. Fritz, H. Proehl, F. Sellam, and K. Leo: “Tunneling spectroscopy study of 
3,4,9,10-perylenetertracarboxylic-3,4,9,10-dianhydride (PTCDA) on Au(100)”, Surf. Sci. 491 
(2001) 255. 
 
S. Mannsfeld, M. Toerker, T. Schmitz-Hübsch, F. Sellam, T. Fritz, and K. Leo, “Combined 
LEED and STM study of PTCDA on reconstructed Au(111) and Au(100)”, Org. El. 2 (2001) 
121. 
 
H. Proehl, M. Toerker, F. Sellam, T. Fritz, and K. Leo, Ch. Simpson and K. Müllen, 
“Comparison of UPS and STS measurements  on highly ordered organic thin films of HBC on 
Au(111)”, Phys. Rev. B 63 (2001) 205409. 
 
F. Sellam, T. Schmitz-Hübsch, M. Törker, S. Mannsfeld, H. Pröhl, T. Fritz, K. Müllen, and K. 
Leo, “LEED and STM investigations of organic-organic heterostructures grown by molecular 
beam epitaxy“, Surf. Sci. 478 (2001) 113. 
 
 
Conference contributions 
 
M. Toerker, T. Fritz, H. Proehl, R. Gutierrez, F. Großmann, and R. Schmidt: “Electronic 
Transport Through occupied and unoccupied states of an organic molecule on Au: 
Experiment and Theory”, DPG-Frühjahrstagung, Regensburg, 11.-15.03. 2002. 
 
Holger Proehl, Michael Toerker, Torsten Fritz, Farid Sellam, Klaus Müllen und Karl Leo: 
”The electronic properties of highly ordered organic thin films: HBC on Au(111) by UPS and 
STS“, DPG-Frühjahrstagung, Hamburg, 26.-30.03. 2001. 
 
Michael Toerker, Torsten Fritz, Holger Proehl, Farid Sellam und Karl Leo: “The electronic 
properties of highly ordered organic thin films: PTCDA and HBC on Au(100) studied by 
STM/STS”, DPG-Frühjahrstagung , Hamburg, 26.-30.03. 2001. 
 
 6
H. Pröhl, M. Törker, T. Fritz. F. Sellam, R. Gutierrez, F. Großmann, and R. Schmidt: 
"Electronic Properties of HBC on Au investigated by STS & UPS", 6th European Conference 
on Molecular Electronics (ECME 6), Rolduc, Kerkrade (Niederlande), 12.-16.09. 2001. 
 
T. Fritz, M. Törker, H. Pröhl, F. Sellam, and K. Leo: "Scanning Tunneling 
Microscopy/Spectroscopy Investigation of the Organic Molecules PTCDA and HBC on 
Au(100)", 47th International Symposium of the American Vacuum Society / NANO 6, 
Boston, 2.-6.10. 2000. 
 
T. Fritz, F. Sellam, T. Schmitz-Hübsch, M. Törker, S. Mannsfeld, H. Pröhl,   and K. Leo: 
"LEED and STM investigations of the heteroepitaxy of perylenetetracarboxylic-dianhydride 
(PTCDA) on hexa-peri-benzocoronene (HBC) on reconstructed Au(111) surfaces", 47th 
International Symposium of the American Vacuum Society / NANO 6, Boston, 2.-6.10. 2000. 
 
T. Fritz, Th. Schmitz-Hübsch, F. Sellam, M. Törker, S. Mannsfeld, H. Pröhl, and K. Leo: 
"Observation of organic-organic-heteroepitaxy by STM and LEED: PTCDA on 
hexabenzocoronene", The 9th International Conference on Organised Molecular Films, 
Potsdam, 28.-01.09. 2000. 
 
M. Toerker, T. Fritz, S. Mannsfeld, H. Pröhl, F. Sellam, T. Schmitz-Hübsch und K. Leo: 
"Scanning Tunneling Microscopy/Spectroscopy investigation of the organic molecules 
PTCDA and HBC on Au(100)", 2nd International Conference on Scanning Probe 
Spectroscopy (SPS 2000), Hamburg, 29.-22. 07. 2000. 
 
T. Schmitz-Hübsch, T. Fritz, F. Sellam, M. Toerker, S. Mannsfeld, "STM-Untersuchung 
organisch-organischer Heteroepitaxie am Beispiel von PTCDA auf Hexabenzocoronen", 
DPG-Frühjahrstagung, Regensburg, 3/2000. 
 
S. Mannsfeld, M. Toerker, T. Schmitz-Huebsch, F. Sellam, T. Fritz, and K. Leo 
"Strukturuntersuchungen von PTCDA auf rekonstruierten Au(111) und Au(100) 
Einkristallen", DPG-Frühjahrstagung, Regensburg, 3/2000. 
 
M. Toerker, T. Fritz, T. Schmitz-Hübsch, F. Sellam, R. Staub, K. Leo "STM/STS Study of 
Highly Ordered Organic Heterolayers PTCDA/HBC/HOPG and PTCDA/Decanethiol/ 
Au(111)" STM'99 - 10th International Conference on Scanning Tunneling 
Microscopy/Spectroscopy and Related Proximal Probe Microscopy, Seoul 7/99. 
 
M. Toerker, T. Fritz, T. Schmitz-Hübsch, F. Sellam, R. Staub, K. Leo "Growth of Ordered 
Organic Heterostructures", OMICRON User Meeting, Hofheim-Diedenbergen 5/99. 
 
 7
M. Toerker, T. Fritz, T. Schmitz-Hübsch, F. Sellam, R. Staub, K. Leo, "STM-Untersuchung 
getemperter Decanethiol Monolagen auf Au(111)" DPG-Frühjahrstagung, Münster, 3/1999. 
 
M. Toerker, R. Staub, T. Fritz, T. Schmitz-Hübsch, F. Sellam, K. Leo: "Heteroepitaxy of 
PTCDA on Decanethiol on Au(111)", European Conference of Thin Organised Films 
(ECOF7), Potsdam, 9/1998. 
 
M. Toerker, T. Fritz, T. Schmitz-Hübsch, F. Sellam, R. Staub, K. Leo: "STM Study of the 
Hetero-Epitaxial Growth of PTCDA on Decanethiol Self Assembly Monolayers", SXM3 ( 3rd 
Conference on Developement and Technological Application of Scanning Probe Methods), 
Basel 9/1998. 
 
R. Staub, M. Törker, T. Fritz, T. Schmitz-Hübsch, F. Sellam, K. Leo: "STM/STS studies of 
organic heterostructures prepared by combination of self assembly and molecular beam 
epitaxy", 10th International Conference on Solid Surfaces (ICSS-10), Birmingham, 9/1998. 
 
T. Fritz, Th. Schmitz-Hübsch, F. Sellam, R. Staub, M. Törker und K. Leo: "Organic 
Heteroepitaxy on Au(111)", International Forum on New Frontiers in Functional Organic 
Nanomaterials, Schloß Ringberg, 24.-27. Juni 1998, Proceedings, S. 168-169 (1998). 
 
M. Toerker, T. Fritz, T. Schmitz-Hübsch, F. Sellam, R. Staub, and K. Leo: "STM und STS-
Untersuchung organischer Heteroschichten", DPG-Frühjahrstagung, Regensburg, 3/1998. 
 
1 Introduction 8
1 Introduction 
 
 At present, there is enormous interest in the preparation and characterization of organic 
thin films motivated by the physical and chemical properties of these novel materials which 
make them interesting for many applications. The most promising application is the 
development of organic light emitting diodes (currently based on polycrystalline or 
amorphous thin films) which is in tremendous progress. Other applications like organic solar 
cells [Sha01], lasers [Tes99], field effect transistors [Dim99], or photodetectors [Peu00] are 
also in the focus of an intense research activity. 
 
 The study of highly ordered thin films (grown by organic molecular beam epitaxy) or even 
organic single crystals is of particular interest for two reasons. First, it has been shown that 
the degree of order in the material drastically influences the physical properties. For instance, 
the room temperature mobility of holes measured for tetracene single crystals [Sch01] is three 
orders of magnitude larger than the mobility measured for polycrystalline tetracene films 
[Myc78]. Second, for a basic understanding of the phenomena observed in organic solids it is 
necessary to investigate samples of well defined structure. 
 
 One method to prepare highly ordered organic thin films is employing organic molecular 
beam epitaxy (OMBE). At present stage, this allows to grow highly ordered ultrathin films of 
a few monolayers thickness on crystalline surfaces. Although it does not yet fulfill the 
demands of device applications (thicker films of several tenth of nanometers, technical 
relevant substrates), it offers the possibility to probe physical properties of well defined 
molecular assemblies. The molecules can be forced to grow in different structures by the 
choice of the crystalline substrate and/or by different growth conditions [Glö98, Man01]. This 
behavior can be used to make the connection between a specific arrangement of molecules 
and specific physical properties. 
 
 Among all the experimental techniques which have been employed to study the growth 
behavior, STM offers the possibility of probing physical properties with the highest spatial 
resolution. In particular, scanning tunneling microscopy (STM) and scanning tunneling 
spectroscopy (STS) can be used to combine structural characterization with probing the 
electronic signature selectively on different structures.  
 
 STS even allows to investigate the electronic transport through a single molecule. It is 
therefore also interesting for developments which go far beyond the above mentioned 
applications. The understanding of the current-voltage characteristics of a single molecule is a 
first step towards molecular-scale electronics. The vision of single molecules that can perform 
functions analogous to those of transistors, diodes, conductors, etc., is the moving power of 
this newly emerging field. However, a fundamental understanding of the electronic transport 
1 Introduction 9
through single organic molecules has not yet been achieved. This work gives a contribution to 
the current intense discussion in this field. 
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2 Analytical Methods 
 
 A brief introduction to scanning tunneling microscopy is given at the beginning of 
this Chapter. The expressions “constant height image” and “constant current image” 
are introduced. Then, an overview over a simple theoretical description of the tunneling 
process is presented. Starting from Bardeen’s perturbative treatment [Bar61] of the 
tunneling process, the results of Tersoff and Hamann [Ter83] for an s-wave tip wave 
function and the low bias limit are summarized. Based on the generalized expression for 
the tunneling current at larger voltages introduced by Lang [Lan86], an analytical 
expression for the normalized differential conductivity is derived.  
 Based on the analytical expression for the tunneling current within the generalized 
Tersoff-Hamann picture, tunneling I-V curves are calculated for a model LDOS 
function and for different tip-sample separations. The specific curve shapes of the 
corresponding normalized differential conductivity curves are discussed. The formalism 
is applied to tunneling through a molecule adsorbed on a metal surface. Tunneling I-V 
curves are calculated for two competitive “tunneling channels” which are tunneling 
through molecular orbitals and direct tunneling into the metal substrate. 
 Three different normalization procedures for the deconvolution of the LDOS from 
the tunneling I-V curves are discussed. Two of them are based on the normalization of 
the differential conductivity to the total conductivity, the third one uses the tunneling 
transmission probability at the Fermi level of the negatively biased electrode as 
normalization function.  
 General criteria for evaluating the reliability of STS measurements are established. 
A brief introduction to low energy electron diffraction (LEED) is also given in this 
Chapter. 
 
2.1 Scanning Tunneling Microscopy (STM) 
 
 The operational principle of a scanning tunneling microscope is based on the quantum 
mechanical tunneling effect. A voltage is applied between a sharp metal tip and a sample of 
sufficient conductivity. Tip and sample are separated by a few Ångströms. Tip or sample are 
mounted on a piezoelectric tube allowing precise positioning of the tip relative to the sample 
by applying a certain voltage to the electrodes of the tube. The tunneling current is highly 
sensitive to the tip-sample distance (as discussed in Chapter 2.2). A small surface area is 
scanned while a feedback loop adjusts the voltage at the tube electrodes (and thereby the tip-
sample distance) in order to keep the tunneling current constant. By that, one can follow (to a 
first approximation) the surface contour with the tip. This operation mode is called constant 
current mode. Another mode of operation is the so-called constant height mode. In this case, 
the time constant of the feedback control is that large that only the average current is kept 
constant. Recording the actual current at the different lateral tip positions also allows to create 
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an image of the scanned sample surface area. On small, atomically flat surface areas, this 
mode allows faster scan rates than the constant current mode and atomic or molecular 
resolution can easier be achieved.  
 
 In both cases (constant current and constant height mode, respectively), the recorded 
images carry not only information about topography, but also about the local density of states 
and local work-function variations, as well as about specific tip-sample interaction 
mechanisms. In reality, too large time constants of the feedback loop will result in damaging 
either tip or sample or both if the tip touches the sample surface. On the other hand, too small 
time constants lead to oscillations of the tube scanner. The realistic mode of operation is 
somewhere in between the two limiting cases of constant height and constant current mode.  
 
 In this work, the expression „constant height image“ is used when the current signal was 
chosen to create the STM image and the expression „constant current image“ is used when the 
change in z-position of the tube scanner was used to create the image. These expressions are 
commonly used in this way in publications concerning STM. 
 
 A major problem for quantitative analysis of adsorbate structures by the use of STM 
images is lateral drift of the sample. In this work, the exact determination of lattice constants 
and angles is based on LEED investigations. However, for one image it was necessary to 
correct the distortions of an STM image caused by lateral drift (Figure 23, Chapter 5.2.1). In 
this case, the adsorbate structure was also determined in LEED measurements. It was then 
used as a built-in scale for the distortion correction of the STM image. Alternatively, one 
could correct drift-distorted STM images by comparison of consecutive scans if there are 
stable single (i.e. nonperiodic) features present in the images which allow the determination 
of the drift vector. 
 
 Although scanning tunneling microscopy was not used in this work to determine the exact 
lattice constants, it allowed to identify the different adsorbate structures (e.g. the PTCDA 
herringbone and the square structure) and orientations (relative to the substrate) in the STM 
images. This did not only facilitate the interpretation of LEED images. It also allowed 
tunneling spectroscopy measurements performed selectively on the different structures and 
orientations
 
2.2 Scanning Tunneling Spectroscopy (STS) 
2.2.1 The Transfer Hamiltonian Approach 
 
 According to the formalism developed by Bardeen [Bar61], the rate of transferring an 
electron between two weakly bound electrodes can be calculated using time-dependent 
perturbation theory. As a result, the tunneling current is given by:  
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[ ] [ ]{ })(1)()(1)()(||2 2
,
, µννµµν
νµ
νµ δ
pi EfeVEfeVEfEfEEMeI −+−+−−= ∑
h
 [1] 
were ( ) { } 1]/)exp[(1 −−+= TkEEEf BF  is the Fermi distribution function, V is the sample bias 
voltage applied, νµ ,M is the tunneling matrix element between states µΨ of the tip and νΨ of 
the sample surface, µE and νE are the energies of states µΨ  and νΨ , respectively, in the absent 
of tunneling. Bardeen [Bar61] showed that νµ ,M  is determined by a surface integral over any 
surface separating the two electrodes 
∫ ∗∗ Ψ∇Ψ−Ψ∇Ψ−= )(2
2
, µννµνµ dS
m
M h .     [2] 
 Tersoff and Hamann [Ter83, Ter85] first applied this approach to STM using an s-type tip 
wave function. Within the limits of zero temperature and small bias voltage, Tersoff and 
Hamann found the expression 
( ) ( )20( ) exp(2 )t F FI V n E R r E Eν ν
ν
κ δ∝ ⋅ ⋅ ⋅ Ψ −∑     [3] 
where 2 /mκ = Φ h  with the effective barrier height Φ , ( )t Fn E  is the tip density of states at 
the Fermi level, 0r  is the center of curvature of the tip, and R is the effective tip radius (it has 
to be emphasized that R is not the tip sample separation). The sum in Equation [3] can be 
identified with the local density of states of the sample at the Fermi energy measured at the 
center of curvature of the tip  
( ) ( )20 0( , )s F Fn E r r E Eν ν
ν
δ= Ψ −∑       [4] 
A generalization of the results of Tersoff and Hamann for larger values of the bias voltage is 
of particular interest. In this case, a summation of states which can contribute to the tunneling 
current is necessary. By analogy with Equations [3] and [4] one can write for larger bias 
voltages [Lan86]: 
0
0
( ) ( , )
eV
t sI n E eV n E r dE∝ − ⋅∫       [5] 
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Figure1: Schematic picture of the tunneling geometry. 
The tip apex is assumed to be locally spherical (with 
radius of curvature R, center of curvature at r0, distance 
of nearest approach s) [Ter83]. 
 
  
The energy E is measured with respect to the sample Fermi energy. Again, ( )tn E  is the tip 
density of states, and 0( , )sn E r  is the local density of states of the sample measured at the 
center of curvature of the tip r0. The latter value can be estimated to be the product of the total 
sample density of states and a WKB-type barrier penetration factor[Lan86, Wie94]: 
0 2
2( , ) ( ) exp 2
2s s
m eV
n E r n E z E
  
= ⋅ − Φ + −     h     [6] 
where ( ) / 2s tΦ = Φ + Φ  is the average of sample and tip work functions and z=s+R (s is the 
distance of nearest approach, as illustrated by Figure 1). With Equations 5 and 6 the 
expression for the tunneling current can be written as 
0
( ) ( ) ( , , )
eV
s tI n E n E eV T E V z dE∝ ⋅ − ⋅∫      [7] 
with the Transmission coefficient 
2
2( , , ) exp 2
2
m eVT E V z z E
  
= − Φ + −     h     [8]. 
Here, the energy E is the difference between the total Energy of the tunneling electron and the 
component of the electron energy parallel to the tunnel junction interface. Within the effective 
mass approximation one finds 
2 2
2total
k
E E
m
∗
= −
P
h
        [9] 
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where m∗  is the effective electron mass. From Equations [8] and [9] one can conclude that 
within the framework of this theory tunneling preferentially occurs at 0k =
P
. The energetic 
situation is illustrated in Figure 2. 
 
 Equations [7] and [8] have been applied in many publications for basic discussions of 
tunneling experiments [Lan86, Ukr96, Str86]. These Equations include a number of 
approximations, like, e.g., the assumption of s-wave symmetry of the tip wave function and 
the neglect of image potential effects, as well as the limit of zero temperature. In particular, 
the transmission coefficient (Equation 8) is valid only for a rectangular tunneling barrier (i.e. 
for s tΦ ≈ Φ  and ,s teV Φ= ). A more appropriate description of the situation in many 
experiments is the assumption of a trapezoidal barrier. The resulting transmission coefficient 
within the WKB approximation can then be calculated as 
( ) ( )3 32 2
2
2 2( , , ) exp 2
3
t s
t s
E eV EmT E V z z
eV
  Φ − + − Φ −  
= − ⋅  Φ − Φ +    h
  [10] 
Still, |eV| is smaller than Φs,t what is the case in all experiments described in this work, i.e., 
Fowler-Nordheim tunneling does not play a role herein. 
 
 Equation [7] in combination with [8] or [10] reflect some fundamental principles of 
tunneling experiments. First, the expressions for the transmission probability show the 
exponential dependence of the tunneling current on the tip sample separation. Second, 
Equation [7] shows that the tunneling current carries information about the local density of 
electronic states of both, sample and tip. Within this work, it is of particular interest how to 
extract information about the local density of electronic states of the sample from tunneling 
experiments. A suitable method to investigate the energy dependence of the electronic density 
of states is tunneling I-V-spectroscopy, i. e. measuring the current when applying a voltage 
ramp at fixed tip sample separation. The problem is that the calculated tunneling current is a 
convolution of the LDOS (of tip and sample ) and the transmission probability which shows a 
strong dependence on the tip sample separation and the applied bias voltage. 
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Figure 2: Energy diagram for the tunneling between tip and sample electrodes (with work functions Φs and Φt) 
at positive (a) and negative (b) sample bias. An example for a sample LDOS is also shown. The blue arrows 
symbolize the direction of tunneling electrons, the orange arrows indicate the electrons tunneling at LDOS 
maxima. V is the applied bias voltage. 
 
 Stroscio, Feenstra and Fein [Str86] suggested to discuss the normalized differential 
conductivity ln / lnd I d V  in order to divide out a large part of the barrier penetration factor 
and thus obtaining the LDOS. In order to motivate the use of this quantity for the discussion 
of the STS experiments, the analytical expression for the normalized differential conductivity 
is derived from Equation [7]. The differential conductivity is calculated in the first step: 
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0
0
( )( ) ( ) ( , , ) ( ) ( , , )
( , )( ) ( )
eV
t
t s sE eV
eV
s t
n E eVdI
n E eV n E T E V s n eV T E eV s dE
dV V
T E eV
n eV n E eV dE
V
δ
δ
δ
δ
=
−
∝ − ⋅ ⋅ +
+ −
∫
∫
 [11]. 
 
Assuming a (nearly) constant tip density of states, the second term in Equation [11] can be 
neglected. The validity of this assumption has to be proved in each experiment. Then the 
normalized differential conductivity is 
0
0
( ) ( ) ( , )(0) ( ) ( , )/
/ ( ) ( )1 ( , )( , )
eV
t s
t s
eV
t s
n eV E n eV T E eV
n n eV dE
T eV eV VdI dV
I V n eV E n eV T E eV dE
eV T eV eV
δ
δ
− ⋅
⋅ + ⋅
=
− ⋅
⋅
∫
∫
  [12]. 
 
 Equation [12] shows that the relation between the normalized differential conductivity 
and sample density of states is still quite complicated. Stroscio, Feenstra and Fein [Str86] 
argued that the influence of the two integrals in the numerator and the denominator of 
Equation [12] at least partially cancels out each other. This is, of course, a more qualitative 
argumentation but its validity was tested experimentally on a variety of metallic and 
semiconducting surfaces. Although there is no obvious physical meaning of the absolute 
values of the normalized differential conductivity, the peak positions were proven to be in 
agreement with experimental and theoretical data for peak positions in the electronic density 
of states of surfaces in many cases. Therefore, the quantity of the normalized differential 
conductivity will be employed for the interpretation of the experimentally obtained I-V-curves 
in Chapter 5.2 and 5.3. 
 
2.2.2 Model calculations 
 
 For a better understanding of the experimental results it is useful to perform some model 
calculations. The tunneling current will be modeled by the use of Equations [7] and [10]. The 
calculations are performed for 100 equally spaced voltage values and taking 5.2eV as the tip 
and the sample work function (which is the value for the Au(100) surface). The most 
interesting question is: How far does the normalized differential conductivity resemble the 
sample LDOS? To study this, a model sample LDOS of the form 
2 2
2 2
1 ( 1 ) 1 ( 1 )( ) 1 exp exp
2 22 2s
E eV E eV
n E
σ σσ pi σ pi
   − +
= + ⋅ − + ⋅ −   
⋅ ⋅      [13] 
is constructed, i.e. two Gaussian peaks at +1eV and –1eV (σ=0.1eV), respectively, are 
superimposed on a constant LDOS of ( ) 1sn E = . The peak at –1eV corresponds to an LDOS 
maximum within the occupied sample states while the peak at +1eV represents a peak in the 
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LDOS of the unoccupied states region. The tip LDOS is assumed to be constant. Figure 3a 
(red curve) shows the model sample LDOS. The black curve in 3a is the normalized 
differential conductivity calculated for a tip sample separation of 4Å. The corresponding I-V-
curve is given in Figure 3b (blue curve). 
 
 The first finding is that for this example the normalized differential conductivity nicely 
recovers the peak positions of the input LDOS with only small deviation (below 50meV). The 
use of the normalized differential conductivity is further supported by Figure 3c which shows 
this quantity for five different values of the tip sample separation, ranging from 4Å up to 16 
Å. Although the tunneling current itself differs by 11 orders of magnitude within this range of 
different separations, all six curves in Figure 3c resemble the same peak positions which are 
consistent with the input LDOS. 
 
 A second finding is that the peak heights in the normalized differential conductivity 
(Figures 3a and 3c) differ for positive and negative bias voltage, respectively. This is in 
contradiction to the input LDOS where the heights of the two peaks are identical. The origin 
of the different peak heights becomes obvious when comparing the energy diagrams drawn in 
Figure 2 for the two cases of positive and negative bias voltages. Negative voltages mean here 
tunneling from occupied sample states to unoccupied tip states, positive voltages mean 
tunneling from occupied tip states to unoccupied sample states. Electrons which are tunneling 
from or to sample LDOS maxima are symbolized by orange arrows. Electrons can contribute 
to the tunneling current within the whole energy interval of 0E =  to E e V= ⋅  but with 
different weighting by the barrier penetration factor which depends on the energy E. As a 
consequence, the total tunneling current at positive bias is dominated by contributions from 
electrons tunneling at E e V= ⋅ , while the tunneling current at negative bias is dominated by 
electrons which are tunneling at 0E =  (with the Fermi level of the sample being the reference  
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Figure 3 a): Model LDOS and calculated normalized differential conductivity. The calculation is based on 
Equations [7] and [10] using this model LDOS and values of z=4 Å and Φs=Φt=5.2eV. b) Calculated tunneling I-
V curve for two different tip sample separations of 4Å and 16Å. There is a difference of 11 orders of magnitude 
between the two curves in the region of the LDOS-peaks. 
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Figure 3 c) Normalized differential conductivity curves calculated as described in a) but for 5 different tip-
sample distances z. 
 
point). Therefore the electrons tunneling via the sample LDOS maxima dominate the total 
tunneling current at positive bias (Figure 2a) while they do contribute with reduced magnitude 
to the total current at negative bias values (Figure 2b). This asymmetry is the origin of the 
different peak heights in the normalized differential conductivity described above. 
 
 It was shown above that within the model calculations the normalized differential 
conductivity curves correctly reproduce peak positions of the input LDOS, but with a specific 
weighting of the peak heights. One can show that this weighting does not only depend on the 
sign of the bias voltage but also on its magnitude and, for more complicated input LDOS 
functions, on the specific form of the LDOS. 
 
 Two characteristic features are visible in Figure 3c. First, the ratio between the peak 
heights at positive and negative voltages depends significantly on the tip sample separation. 
There are large differences in the peak heights for large gap distances and only little 
differences for very small tip sample separations. Second, besides the peaks the normalized 
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differential conductivity curves show a specific slope which also depends on the tip sample 
separation. Large slopes are obtained for large tip sample distances, small slopes are obtained 
for small tip sample distances. The reason for discussing this behavior here is the 
experimental observation that comparable peak heights are observed in the normalized 
differential conductivity for positive and negative voltages (consistently with a very small tip 
sample distance) whereas the curves usually show a strong slope (consistently with a larger 
tip sample separation). 
 
 A lot of experimental work has been published were the authors discuss the differential 
conductivity itself instead of applying the normalization procedure discussed above. Figure 4 
demonstrates the advantage of applying the normalization. Figures 4a and b show the 
differential conductivity and the normalized differential conductivity for two different tip 
sample separations of 4Å and 16Å, respectively. Whereas the two curves show nearly 
identical peak positions and heights for the small gap, an interpretation of the differential 
conductivity is difficult in the case of the large gap. In this case, the peak at negative voltages 
can not be observed in the differential conductivity without normalization. 
 
 Tunneling I-V spectroscopy data measured for different fixed values of the tip sample 
distance are presented in this work (Chapters 5.2 and 5.3). Typical differences in the tip 
sample separations are 1...2Å in these measurements. For such comparably small differences 
the simulated normalized differential conductivity curves are nearly identical whereas the 
values of the non-normalized differential conductivity vary about an order of magnitude when 
changing the gap distance by one Ångstrom. 
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Figure 4a) and b): Comparison of the calculated differential conductivity and the calculated normalized 
differential conductivity for two different tip sample separations. 
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 Within the Tersoff-Hamann picture, the tunneling current is calculated for tunneling 
between two (weakly bound) electrodes which exhibit a specific LDOS. The tunnel junctions 
studied in this work (Chapter 5.2 and 5.3) are more complex systems since there are organic 
molecules within the tunnel junction. The molecules are adsorbed on the sample metal 
electrode. Therefore, the simplest way to describe such a system would be tunneling between 
two electrodes were the sample electrode basically shows the electronic structure of the 
molecule (which of course can be modified upon adsorption). There is no direct experimental 
access to the total tip-sample distance in the experiments presented in this work. 
 
 As discussed above, comparable peak heights are found in the experimentally observed 
normalized differential conductivity for negative and positive voltages, respectively. On the 
other hand, the experimentally observed slope in the normalized differential conductivity 
hints toward a large gap distance. A possible explanation for this apparent contradiction 
would be the assumption of two competitive “tunneling channels” which are tunneling 
through molecular orbitals and direct tunneling into the metal substrate. Then, one could 
apply Equations [7] and [10] with the assumption of a smaller tip sample separation 1z  and 
the molecular LDOS to model the first channel and with the assumption of a larger tip sample 
separation 2z  and a constant LDOS to model the second channel. Because of the strong 
dependence of the tunneling current on the tip-sample separation one has to introduce a 
weighting factor C in order to give both current contributions the same order of magnitude. 
The tunneling current can then be written as 
1 2
0 0
( ) ( , , ) ( , , )
eV eV
MoleculeI n E T E V s dE C T E V s dE
 
∝ ⋅ + ⋅  ∫ ∫ .   [14] 
Figure 5 shows an example of a normalized differential conductivity plot derived from an I-V 
curve calculated using Equation [14]. The model LDOS consists of four Gaussian peaks at 
2− eV, -1eV, +1eV, and +2eV (see Figure 5a). The parameters for the current calculation are 
1 5s Å= , 2 8s Å= , and 2000C = .  
 
 A much more complex description of the tunneling process through an adsorbed molecule 
was derived from an electron scattering quantum chemistry technique (ESQC) [Sau92, Sau96, 
Sau98] which goes beyond the perturbative treatment of Bardeen. Sautet et al. considered an 
interference of a “through-molecule” and a “through-space” component of the tunneling 
current. Sautet showed that the influence of the through-space interaction can be strong, 
despite the larger distances. Within the framework of that theory it is not necessary to 
introduce a weighting factor C. 
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Figure 5a): Molecular model LDOS used for the calculated curve shown in b). b) Normalized differential 
conductivity calculated for a superposition of ‘through molecule’ and ‘through space’ tunneling (s1=5Å, s2=8Å, 
C=2000, Φ1=Φ2=5.2eV).  
 
2 Analytical Methods 24
2.2.3 Normalization methods 
 
 Problems in the LDOS deconvolution can arise when considering more realistic I-V curves 
than those discussed in the previous paragraph. Some random noise is added to an I-V curve 
calculated using Equation [14] in order to get closer to the experimental situation. This 
calculated ’noisy’ I-V curve and the function which was added are shown in Figure 6a and b, 
respectively. The parameters are the same as used before for the calculation of the example 
shown in Figure 5b (s1=5 Å, s2=8 Å, and 2000C =  as well as the molecular LDOS function 
of Figure 5a with peaks at –2.0V 1.0−  V, +1.0V, and +2.0V). The noise level is two orders of 
magnitude smaller than the maximum current in the I-V curve in Figure 6a and seems 
therefore to be less important. This is only true when looking onto the I-V curve itself. The 
calculation of the normalized differential conductivity is problematic even at this comparably 
low noise level due to the small current values in the low bias region. This is illustrated by 
Figure 7a which shows that within a voltage interval of ±0.5 V artificial structure is created in 
the normalized differential conductivity curve. 
 
 In order to overcome these difficulties in the low bias region, modifications of the 
normalization procedure were suggested. Feenstra et al. [Fee87] introduced an exponential 
broadening function which has to be applied to the total conductivity I/V before using this 
quantity for normalization: 
/
/
dI dVNormalized Differential Conductivity
I V
=     [15] 
( )/ exp V VI VI V a dV
V W
+∞
−∞
′ − ′
′= ⋅ − 
′  ∫      [16] 
 For the calculation of this broadened conductivity, the values of the tunneling current have 
to be extended beyond the measured bias limit. Following a proposal by Feenstra [Fee94], this 
is done simply by extending these values beyond the limits with the constant values at 
maximum or minimum bias, respectively. The resulting normalized differential conductivity 
curve is shown in Figure 7c. The values W=0.01V and a=5 were chosen for the broadening 
width and the scaling factor a, respectively. The criterion for the adjustment of the scaling 
factor a should be that the resulting curve shows minimal differences to the original (i.e. not 
broadened) normalized differential conductivity, with the exception of the low bias region. 
For the integration limits in Equation [16] values which exceed the bias limits of Figure 7a by 
0.5V were chosen. Although the constant current extension (which only influences the 
normalization function) is an extremely simple extrapolation, it was found to be sufficient for 
that purpose in many experiments. Comparing the normalized differential conductance curve 
presented in Figure 7a and 7c the characteristic peak positions at +2V, +1V, and –1V are 
observable in both curves. The advantage of the curve in 7c calculated following the 
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procedure introduced by Feenstra et al. is that the strong artificial structure in the low bias 
region is suppressed. 
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Figure 6a): Calculated tunneling I-V curve for a superposition of ‘through molecule’ and ‘through space’ 
tunneling (s1=5Å, s2=8Å, C=2000, Φ1=Φ2=5.2eV). b) Noise which was added to the calculated I-V curve. 
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Figure 7a) and b): Normalized differential conductance curves calculated from the I-V curve shown in Figure 
6a. a) Simple normalization based on the true I-V values. b) Normalized differential conductance curves based 
on procedure introduced by Prietsch et al. [Pri91]. 
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Figure 7c) and 7d) Normalized differential conductance curves calculated from the I-V curve shown in Figure 
6a. Calculations are based on procedures introduced by Feenstra et al. [Fee87] (7c) and Ukraintsev [Ukr96] (7d), 
respectively. 
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 For the ease of computation a simpler normalization procedure was suggested by Prietsch 
et al. [Pri96]: 
2
2
/dI dVNormalized Differential Conductivity
I b
V
=
  +  
   [17] 
The normalized differential conductivity curve calculated using Equation [17] is shown in 
Figure 7b (calculated with 43 10b −= ⋅ ). Comparison of this curve to Figures 7a and 7b allows 
the conclusion that this normalization procedure can be used alternatively to the one discussed 
before. 
 
 A third normalization procedure was suggested by Ukraintsev [Ukr96]. Alternatively to the 
use of the total conductivity as normalization function, Ukraintsev proposed the tunneling 
transmission probability at the Fermi level of the negatively biased electrode as a more 
appropriate normalization function. Figure 7d shows the result of this procedure calculated for 
the same I-V data as 7a, b, and c. The curve does indeed resemble the correct peak positions.  
 
 However, in this model calculation the correct parameters for the calculation of the 
tunneling transmission probability (i.e. tip sample separation and tip and sample work 
functions) were known. This is usually not the case in a real experiment. Instead of using the 
exact transmission probability function, the analytical expression for the transmission 
probability function has to be fitted to the differential conductivity curve. This fitted curve has 
then to be used for normalization. 
 In this work the total conductivity and not the quantity suggested by Ukraintsev 
[Ukr96] is used as normalization function since this quantity was tested in a number of 
experiments to resemble the correct positions of LDOS maxima. The STS results of this work 
are discussed following the procedure of Prietsch et al.  
 So far the discussion of the LDOS deconvolution technique was focused on the 
normalization problem. At higher noise levels the calculation of the differential conductivity 
itself becomes problematic because the differentiation leads to a significant roughening of the 
curve. Therefore, for the calculation of the differential conductivity the measured I-V data 
were approximated stepwise by a polynomial fit. For the calculation of curves in Figures 7b, 
7c, and 7d, the approximation was performed including 4 points per step. 
 
 
 
 
 
 
 
2.2 Scanning Tunneling Spectroscopy 29
2.2.4 Reliability criteria 
 
 All the LDOS deconvolution techniques discussed in the previous Chapter are based on the 
evaluation of I-V curves obtained at constant tip-sample separation. The details of the 
experimental procedure are summarized in Chapter 4.4. The important point here is that it is 
necessary for recording an I-V curve at constant tip-sample separation to switch off the 
feedback loop while applying the voltage ramp. During this time with open feedback loop the 
tip-sample distance has to be kept very stable since the tunneling current is extremely 
sensitive to changes of that quantity. Therefore, tunneling spectroscopy is highly sensitive to 
any vibrations of the system. 
 
 Another difficulty is the extremely high electric field. There is a voltage drop of up to 2.5V 
along the tunneling gap distance of a few Ångstroms. This high field may cause sample or tip 
alterations. Furthermore, the tunneling current is determined not only by the sample LDOS 
but also by the tip LDOS. 
 
 The major problem when performing STS measurements is that only a limited number of 
measurements satisfies the necessary demands on this type of measurement which are: no 
changes in the tip sample separation, no alterations of the tip or sample structure, and 
featureless tip electronic structure within the measured energy range. As experimental proof 
that these demands are fulfilled the following general criteria for evaluating the reliability of 
STS measurements are checked in each experiment: 
 
1. I-V curves are recorded repeatedly at the same lateral position. Each of the curves shows 
the same structure. 
2. Normalized differential conductivity curves obtained for a specific sample show the same 
peak positions for different tips. 
3. STM images of the relevant surface area imaged before and after performing the STS 
measurements do not show changes except a small lateral drift. 
 
All STS results presented in this work fulfill these criteria unless stated otherwise.  
 
2.3 Low energy electron diffraction (LEED) 
 
 LEED is a standard technique for structural characterization of crystalline surfaces of 
conductive samples under UHV conditions. Electrons of an adjustable energy hit the sample 
surface under normal incidence. Following the de Broglie relation, a wavelength λ can be 
assigned to electrons of a certain energy. A diffraction pattern can be observed if this 
wavelength is in the order of magnitude of the lattice constants of the sample surface. The 
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diffraction pattern which is visualized on a hemispherical fluorescent screen can be explained 
following the Ewald construction. Figure 8 illustrates the principle setup of a LEED system 
(left) as well as the Ewald construction (right). For simplicity, the Ewald construction is 
shown only for a one-dimensional periodic structure. It is based on the Laue condition which 
states that the difference of the momentum of the primary beam and the diffraction beam has 
to be a reciprocal lattice vector. The projection of the pattern on the hemispherical fluorescent 
screen onto a plane (e.g. in the camera) gives a direct (scaled) image of the reciprocal lattice. 
 
 
Figure 8, left: Principle setup of a LEED system. The electron gun generates a mono-energetic electron beam 
which hits the crystalline surface. The electrons are elastically scattered. A diffraction pattern is observed on a 
fluorescent screen. right: Ewald construction for the direction of diffraction maxima. For simplicity, the Ewald 
construction is shown only for a one-dimensional periodic structure. [after Hen94] 
 
 The interpretation of the LEED image simply as an image of the reciprocal lattice without 
considering the different intensities for different reflexes is called geometrical LEED theory. 
All simulated LEED patterns in this work are based on geometrical LEED theory, with two 
extensions. First, the absence of certain reflexes due to the presence of glide-symmetry planes 
in the lattice is considered in the simulations (this follows from kinematic LEED theory). 
Second, it turned out to be necessary to consider multiple scattering for the interpretation of 
some of the LEED images presented in this work. 
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3 Review of Literature 
 
 In the first part of this Chapter, a brief summary of experimental STS studies on 
organic molecular thin films is given. The focus is on investigations which included 
molecularly resolved imaging of the relevant surface areas. The organic molecules 
3,4,9,10-perylenetetracarboxylic-3,4,9,10-dianhydride (PTCDA) and hexa-peri-
hexabenzo-coronene (HBC) are introduced and an overview over published work about 
the structural properties of thin films of these molecules is given. Literature UPS/IPES 
data of PTCDA on polycrystalline gold films are also discussed.  
 
3.1 STS on highly ordered organic molecular thin films 
 
 A few STS articles were published for the system copper phthalocyanine (CuPc) on highly 
oriented pyrolytic graphite (HOPG) [Miz92, Pom92, Dek97]. A resonant tunneling process 
via molecular orbitals was suggested for an interpretation of the spectroscopic data. Other 
metal phthalocyanines which were investigated by STS are e.g., tin phthalocyanine on HOPG 
[Wal01] and vanadyl phthalocyanine (VOPc) on Au(111) [Hip00]. For the latter case Hipps et 
al. [Hip00] compared I-V-curves averaged over Pc-covered regions to those averaged over 
bare Au regions (I-V-curves extracted from current imaging tunneling spectroscopy). Strong 
peaks in the differential conductivity were reported and interpreted in terms of orbital 
mediated tunneling. Tao [Tao96] performed tunneling spectroscopy measurements on 
porphyrins in solution using an additional reference electrode for adjusting the energetic 
position of molecular orbitals of adsorbates relative to the substrate Fermi level, 
demonstrating resonant tunneling. Langlais et al. [Lan99] used STS to record site specific I-V 
data along a molecular wire which was electrically connected to a metallic step at one end 
while the molecule itself was maintained above the substrate by four spacer units. Very 
recently, Scudiero et al. performed STM/STS measurements on highly ordered submonolayer 
films of Ni(II)-octaethylporphyrin on Au(111) [Scu02].  
 
 Although a number of STS investigations on organic materials has been published in 
recent years, most of the authors observed electron transport only through the frontier orbitals 
of the organic species (i.e. through the Highest Occupied Molecular Orbital, HOMO, and the 
Lowest Unoccupied Molecular Orbital, LUMO). In particular, at room temperature the 
contributions of the second filled and second unfilled molecular orbitals to the tunneling 
current have been measured in only a very few studies [Dun02, Scu01, Hon00, Dav94]. Also 
only a very few studies have been published in which the STS results were compared to UPS 
data, both measured on identical samples [Pom92, Kim93, Joh96, Scu01, Scu02]. 
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STS on HBC and HBC derivatives 
 In a STS study of an alkyl-substituted, peri-condensed hexabenzocoronene adsorbed from 
solution on HOPG, Stabel et al. [Sta95] showed site specific I-V-characteristics (see also 
Chapter 3.3). Very recently, our group [Pro01] published a combined STS/UPS study of the 
organic molecule hexa-peri-hexabenzocoronene (HBC) on Au(111). Normalized differential 
conductivity curves showed a pronounced peak at negative sample bias which could be 
assigned in UPS measurements to the highest occupied molecular orbital (HOMO) of the 
molecule. 
STS on PTCDA 
 Although the structural properties of highly ordered PTCDA thin films were extensively 
investigated in STM studies on various substrates (see Chapter 3.2 for an overview), a 
combined high resolution STM/STS investigation was only carried out for PTCDA on HOPG 
[Lud94] under ambient conditions. Another molecule which is correlated with PTCDA by 
replacing the perylene core of the molecule with a naphthalene one (naphthalene-1,4,5,8-
tetracarboxylic-dianhydride, NTCDA) was studied in a STM/STS investigation by the same 
group [Str96]. 
 
 Besides the intense work on planar organic molecules, numerous STS data were published 
for fullerenes [Kim93, Joh96, Wan97, Dun02, Rog02] and carbon nanotubes [Ven00]. Other 
groups performed tunneling spectroscopy on self-assembled monolayers of phenyl based 
molecules without preceding or subsequent imaging [Dat97, Xue99, Hon00, Ros00, Oni00]. 
Besides STM based investigations, conductance of organic molecules was studied using break 
junctions of gold electrodes [e.g., Ree97]. 
 
3.2 The molecule 3,4,9,10-perylenetetracarboxylic-3,4,9,10-dianhydride (PTCDA) 
 
 The strutural formula of PTCDA (C24H8O6) is given in Figure 9. The molecular weight is 
392amu. PTCDA shows high thermal stability and a low vapor pressure at room temperature 
and is therefore well suited for organic molecular beam epitaxy.  
 
 
 
 
 
 
Figure 9: Structural formula of 3,4,9,10-
perylenetetracarboxylic-3,4,9,10- 
dianhydride (PTCDA). 
 
 The structural properties of highly ordered PTCDA thin films were extensively 
investigated on various substrates. In most of these studies, PTCDA was found to grow in the 
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so-called herringbone structure, e. g. on the substrates HOPG [Hos94, Hos95, Lud92, Lud94, 
For94, Ken96], Au(111) [Sch97, Fen97, Chi00], MoS2 [Zim92, Lud94, Sch95, Str98], 
Ag(111) [Umb95, Umb96, Glö98, Kra01], Si(111)/H [Ude95], Si [Möb92], Cu(100) [Sch95], 
NaCl [Möb89], InAs [Cox00], InSb [Cox00], O-p(2×2)-Ni(111)[Tib02]. 
 
 The herringbone structure is very similar to the arrangement of the molecules in the (102) 
bulk plane of PTCDA (with minor variations of the lattice constants on the different 
substrates). This bulk plane is characterized by flat lying molecules. A sketch of the unit mesh 
and the arrangement of molecules therein is drawn in Figure 10. Two slightly different 
morphological forms of the bulk structures have been observed, referred to as α- and β-
modification [For84, Möb92, Oga99]. 
 
 
 
 
 
 
 
 
Figure 10: Sketch of the molecular arrangement in the 
(102) bulk plane of PTCDA. The corresponding lattice 
constants are a=11.96Å, b=19.91Å, ∠(a,b)=90° for the α-
modification and a=12.45Å, b=19.30Å, ∠(a,b)=90° for 
the β- modification [Oga99].  
 
 Although highly ordered PTCDA thin films are arranged in the herringbone structure on 
most surfaces, lattice configurations different from the herringbone structure were also 
observed, e.g. on Ag(110) [Glö98, Böh98, Sei97], Cu(100) [Sch95], Cu(110)[Stö02], and 
Au(111) [Chi] O-p(2×2)-Ni(111)[Tib02]. The growth of PTCDA on Au(100) [Sch99] was 
previously studied on vapor deposited gold films on KBr. These substrates will be referred to 
as Au(100)/KBr substrates. A rod-like structure was found on reconstructed and 
unreconstructed Au(100)/KBr substrates. The herringbone structure was observed on 
unreconstructed Au(100)/KBr. 
 
 In the above mentioned STM/STS investigation of PTCDA on HOPG [Lud94] under 
ambient conditions, Ludwig and coworkers reported two peaks in the normalized differential 
conductivity at +0.7V and –1.5V sample bias, respectively, as a preliminary result. 
 
 It is of great interest for the interpretation of the STS data presented in this work, to 
compare the results to those obtained in UPS and IPES investigations. These two methods can 
be exploited to gain information about the electronic structure of the molecular films. UPS 
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and IPES studies of PTCDA thin films are therefore reviewed in the following: UPS 
measurements have been performed for thin PTCDA films on a variety of substrates, like, 
HOPG, polycrystalline metal films (Ta, Mg, In, Sn, Au) [Wu97, Hil00a, Raj98, Hil98, Sat00, 
Hil00b], Si(111) [Jun93] and Ag(111) [Jun93]. IPES measurements were carried out for 
PTCDA on HOPG [Wu97] and polycrystalline gold [Sat00, Hil00b].  
 
 The combined UPS/IPES measurements of PTCDA on polycrystalline gold [Sat00, 
Hil00b] are of particular interest for discussing the STS results presented in this work. Hill et 
al. found in UPS experiments the lowest binding energy peak at approximately -2.6eV 
relative to the Fermi level (following Hill et al. [Hil00b], this peak will be referred to as 
HOMO peak). The IPES peak which is next to the Fermi level was found at approximately 
1.4eV (following Hill et al., this peak will be referred to as LUMO peak). Sato et al. observed 
similar peak positions of approximately –2.4eV for the HOMO peak position and 
approximately 1.2eV for the LUMO peak. Since the peak positions are not explicitly listed in 
these publications [Sat00, Hil00b] they are estimated here from the plotted UPS/IPES curves. 
The resulting peak-to-peak separation between the HOMO peak and the LUMO peak is 4.0eV 
[Hil00b] and 3.6eV [Sat00], respectively. These values are very large compared to the optical 
absorption onset energy of 2.2eV [Bul96]. Hill et al [Hil00b] discuss this contradiction as 
follows: First, the ionization process includes vibrational excitation of the molecules and one 
has to subtract vibrational energy from the UPS/IPES peak positions. If this was the only 
significant broadening effect one would just have to consider the UPS/IPES peak onsets for 
further discussion. Hill et al. estimate 0.1eV for each peak to correct for this effect. The actual 
peak width is much larger (approximately 1eV). Second, the authors made a correction to 
account for surface versus bulk polarization energies. UPS and IPES are surface sensitive 
techniques and the polarization energies are expected to be larger in the bulk than in or near 
the top molecular plane of the film (the overall film thickness in the experiment was 50-
100Å). Therefore, the authors subtract another 0.6eV from the peak-to-peak separation 
between the HOMO peak and the LUMO peak. The two corrections due to vibrational 
excitation and surface versus bulk polarization result in a transport gap of 3.2eV. 
 
 The latter value of 3.2eV is still large compared to the optical absorption onset energy of 
2.2eV [Bul96]. It would correspond to an exciton binding energy of 1.0eV, while typical 
values of large aromatic molecules are 0.3...0.5eV [Sil94]. This discrepancy may be a 
consequence of the fact that not only the peak width, but also the peak positions in the 
UPS/IPES measurements are influenced by “random disorder” within the film. Hill et al. 
stated that the peak width of approximately 1eV is “...due to random disorder within the 
material, which leads to inhomogeneous broadening of inequivalent molecular sites” 
[Hill00b]. 
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 STS results of highly ordered PTCDA monolayers on Au(100) are compared to the above 
mentioned UPS/IPES studies in Chapter 5.2.2 of this work. For this comparison one has to be 
aware of the fact that these UPS/IPES data are obtained for at least 15Å [Sat00] or 50Å 
[Hil00b] thick PTCDA films on a polycrystalline gold substrate without structural 
characterization.  
 
 A high resolution energy electron loss spectroscopy (HREELS) study of PTCDA on 
Ag(100) and Ag(111) at (sub)monolayer and multilayer coverage was published by Shklover 
et al. [Shk00]. On Ag(111), PTCDA forms the well-known herringbone structure. On 
Ag(110), the first monolayer forms a “brick-wall” arrangement, subsequent layers show the 
herringbone structure. In the monolayer, the electronic losses due to electronic and vibronic 
excitations of the molecules differ for both substrates due to different bonding situations and 
adsorption sites. Furthermore, multilayer spectra are identical for both substrates, but different 
compared to the monolayer spectra in both cases.  
 
3.3 The molecule hexa-peri-hexabenzocoronene (HBC)  
 
 The strutural formula of HBC (C42H18) is given in Figure 11. The molecular weight is 
522amu. HBC “...is a yellow fully benzoid hydrocarbon of extreme stability” [Cla72]. It 
shows a low vapor pressure at room temperature and is well suited for organic molecular 
beam epitaxy.  
 
 
 
 
 
 
 
 
 
Figure 11: Structural formula of hexa-
peri-hexabenzocoronene (HBC). 
  
 Highly ordered thin films of HBC have been investigated in only a very few studies. 
Commensurate growth of HBC on MoS2 and graphite [Zim92] as well as on GeS(010) 
[Kar99] was reported in LEED investigations. A hexagonal structure was observed on 
MoS2(0001) and graphite(0001) [Zim92]. The molecular arrangement on GeS(010) is nearly 
hexagonal [Kar99]. The structural parameters are consistent with flat lying molecules on the 
substrate surface. STM investigations showed hexagonal arrangement of flat lying molecules 
on HOPG, Au(111) and Au(100) [Sch00, Sel01, Sch02], HBC on Au(111) and Au(100) was 
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also characterized in LEED experiments [Sel01, Sch02]. The HBC bulk crystal structure was 
first published by Robertson and Trotter [Rob61]. It was determined more precisely by 
Goddard et al. [God95] using X-ray diffraction. The structural data are: monoclinic, space 
group P21/a, a=18.431Å, b=5.119Å, c=12.929Å, β=112.57° [God95]. There is no bulk plane 
with flat lying molecules. 
 
 HBC derivatives have also been investigated. Herwig et al. [Her96] focused their work on 
hexaalkyl-substituted derivatives of hexa-peri-hexabenzocoronene as an example for a soluble 
graphite sub-unit. The authors found that the substituted molecules self-assemble into 
columnar aggregates and form a discotic liquid-crystalline phase. Ito et al. [Ito00] synthesized 
HBC derivatives with electron donating and electron withdrawing substituents. In situ STM 
measurements at the solid-fluid interface were carried out (organic solution on HOPG). Using 
STM, the monolayer structures were determined for several substituted HBC species. Stabel 
et al. [Sta95] observed a diodelike I-V-curve for an HBC derivative. These authors 
investigated an alkyl-substituted, peri-condensed hexabenzocoronene adsorbed from solution 
on HOPG. STM images showed an ordered molecular structure with increased current at 
positions of the aromatic cores. Tunneling spectroscopy measurements under ambient 
conditions revealed symmetric curves measured on the alkyl parts and diodelike curves on the 
aromatic part of the molecules. This molecule deposited from solution onto HOPG was also 
studied by Samori et al. [Sam01] in an ARUPS (angle resolved UV photoelectron 
spectroscopy) investigation. Gas phase UPS measurements of HBC were performed by Clar et 
al. [Cla77] and Hendel et al. [Hen86]. Values of 6.87eV [Cla77] and 6.86eV, respectively, 
were found for the first ionization potential [Hen86]. 
 
 Keil et al. [Kei00] studied the influence of the morphology on the electronic structure of 
HBC thin films. For comparison the authors investigated 10nm thick HBC films on MoS2, 
HOPG, SiOx, and polycrystalline gold substrates with UPS, X-ray absorption spectroscopy 
and AFM. From XAFS data of HBC on poly-Au the authors conclude that on this substrate 
the molecules are randomly oriented with respect to the gold surface. Corresponding AFM 
images show the formation of grains on the surface. The two lowest binding energy peaks in 
the UPS measurements of 10nm HBC films on polycrystalline gold were observed at 1.8eV 
(peak width 1.1eV) and 3.2eV, relative to the Fermi level. 
 
 Proehl [Pro00, Pro01] performed UPS measurements on highly ordered films of HBC on 
Au(111) surfaces. These films were prepared under exactly the same conditions as the films 
studied in this work (described in Chapter 5.3.1) but on a Au(111) single crystal. The UPS 
results of Proehl [Pro00] are discussed in detail in Chapter 5.3.3 
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4 Experimental 
 
 This Chapter gives an overview over the setup of the UHV system, the preparation of 
the Au(100) single crystal, the molecular beam deposition geometry, rates, and 
thickness monitoring, as well as over the preparation of tungsten and gold STM tips. 
Furthermore, the parameters used in the STS measurements are summarized and 
special aspects of LEED measurements of organic thin films are discussed. Distortion 
correction and energy correction methods applied to LEED images are introduced. 
 
4.1 The UHV system 
 
 All experiments were carried out in a home-built four-chamber UHV system. The four 
separately pumped chambers are: growth chamber (for OMBE), STM/AFM chamber, load-
lock, and self-assembly chamber. Samples can be transferred between these chambers without 
exposure to air. The base pressure was 5×10-8 Pa in the growth chamber and 1×10-7 Pa in the 
other chambers. All chambers are pumped by turbomolecular and rotary pumps. Additionally, 
the growth chamber and STM chamber are equipped with ion getter pumps. This allows to 
switch off rotary and turbomolecular pumps when performing STS measurements in order to 
reduce vibrations of the system. The vacuum layout of the UHV system is given in Figure1. 
  
- The growth chamber (Figure 12) is equipped with three Knudsen cells, a LEED system, 
sputter gun (ISE10 OMICRON, quadrupole mass spectrometer (TRANSPECTOR, 
LEYBOLD-INFICON, 1-100 amu), quartz crystal balance (XTC/2, LEYBOLD-INFICON), 
and a five-axis manipulator (Vacuum Generators). The four-grid LEED system (SPECTA-
LEED, OMICRON, LaB6 filament) also allows Auger spectroscopy measurements. An Ar 
bottle is attached to the growth chamber via a leak valve for Ar+ ion sputtering. The sample 
holder attached to the manipulator allows heating of the sample by radiation heating (using a 
tungsten filament close to the sample) or electron bombardment. In the latter case high 
voltage (+600 V) is applied to the sample while all other parts of the chamber including the 
heated tungsten filament are grounded. The sample temperature is measured using a 
thermocouple (Type K) which is attached to the sample holder. It was calibrated by 
comparison to temperature measurements using an infrared radiation pyrometer while a 
Si(111) sample was gradually heated.  
- The STM chamber hosts a commercial room temperature STM/AFM (OMICRON) and a 
sample storage for sixteen samples. 
- The load-lock allows to transfer samples or tips from or to the UHV system within one our. 
- The SAM chamber was built in order to allow the gas phase deposition of compounds 
which have a high vapor pressure at room temperature (e.g. decanethiol). This chamber was 
not used in the experiments which are discussed in this work. 
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Figure 12: Vacuum layout of the UHV system. 
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Figure 13: Photograph of the growth 
chamber. 
4.2 Crystal preparation 
 
 A Au(100) single crystal (MATECK, surface roughness < 0.03µm, cut misfit < 0.1°) was 
used as substrate. The “hat”-shaped crystal was clamped with tungsten wire on a standard 
Omicron tantalum sample plate. A hole in the sample plate allowed direct heating of the 
crystal from the back side (via radiation or electron bombardment). After transferring the 
Au(100) single crystal to the UHV for the very first time, it was sputtered five ours with 2keV 
Ar+ ions at an angle of incidence of 60° relative to the surface normal and subsequently 
annealed at 970K for 2h. The standard sputter/anneal cycle before each deposition experiment 
was sputtering with 600eV Ar+ ions at normal incidence for 25 min and subsequent annealing 
at 820K for 30min. After these preparation steps the crystal surface was reconstructed and 
typical terrace width of (100...150nm)2 were observed. 
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4.3 Molecular beam deposition 
 
 Home-built Knudsen cells were used for the molecular beam deposition of the organic 
material. HBC was deposited from a thermally heated boron-nitride crucible, PTCDA from a 
thermally heated graphite crucible. The distance between the cells and the sample was 19 cm. 
The experiments were performed at low deposition rates of approximately 1ML per minute. 
Film thickness monitoring with the quartz crystal micro balance turned out to be not precise 
enough in the monolayer or submonolayer range. The time necessary for the deposition of one 
monolayer of an organic film at a given cell temperature was determined by imaging the 
sample surface with STM after a number of deposition experiments. Thicker films were 
prepared at the same deposition parameters (crucible heating current and temperature of the 
crucible measured with a thermocouple) but longer deposition times. The substrate was kept 
at room temperature in all deposition experiments. 
 
4.4 STM Tip preparation 
 
 Tungsten tips were electrochemically etched in 0.33 M aqueous NaOH
 
solution from 
0.25mm tungsten wire (PLANO W.Plannet GmbH). An AC voltage of 10V was applied using 
a tungsten ring electrode made from tungsten wire (1mm in diameter) as counter electrode. 
The etched tips were rinsed in pure ethanol and cleaned in an ultrasonic bath in distilled water 
for 1 minute. After transfer into the UHV system, tips were sputtered with 2keV Ar+ ions to 
remove oxide and any contamination (focus voltage 512 V, electron emission current 10mA, 
ion beam aligned with the tip axis, sputter time 20 min). Finally, the tips were heated up to 
870 K for 30 min. Molecular resolution was routinely achieved with these tips. As an 
example, Figure 14 shows a typical electrochemically etched tungsten tip imaged with an 
optical microscope.  
 
 
Figure 14: Optical microscopy images of an electrochemically etched tungsten tip. 
 
 Gold tips were simply cut with scissors from pure (99.99%) gold wire (0.25 mm in 
diameter, Goodfellow). 
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4.5 STS measurements 
 
 All STS measurements presented in this work are performed in the single point current-
voltage spectroscopy mode. This means, the actual scan is stopped and the tip is moved to a 
specific (previously selected) lateral position with the feedback loop closed, thereby adjusting 
the tip-sample distance. After a certain delay T1 to allow for stabilization of the system, the 
feedback loop is switched off and the starting value of the voltage ramp is adjusted. After a 
further delay T2 the voltage is ramped up and down and the current is measured for both ramp 
directions. Then, the initial voltage is readjusted and after a delay T3 the feedback loop is 
switched on. The parameters used in the measurements which are presented in this work are 
summarized in Table 1. 
 
Table 1: Parameters for the STS measurements presented in this work. 
 T1/ms T2/ms T3/ms 
Chapter 5.2 105 55 55 
Chapter 5.3 25 15 15 
 
 The voltage was ramped stepwise (step height 20...40mV), each step beginning with a 
measurement delay time of 320µs followed by the data acquisition time interval of 200µs for 
averaging the current. When performing repeated I-V measurements at the same lateral 
position, the feedback loop is switched on for the time T2 +T3 in between each cycle of 
ramping the voltage and the tip-sample separation is readjusted. When measuring I-V curves 
for different tip-sample separations, the z-piezo voltage is changed for different voltage ramps 
leading to a change in the tip sample distance. The STS program used in the measurements 
was developed and implemented to the OMICRON SCALA 2.0 software by Ralf Staub 
[Sta00].
 
4.6 LEED measurements 
 
 LEED is a standard technique in surface science with special demands when investigating 
films of large organic molecules. Ordered films of organic molecules exhibit very large lattice 
constants compared to most inorganic crystalline surfaces. As a consequence, one has to 
choose small primary beam energies (~10...20eV) in order to get a LEED image of the 
adsorbate structure which allows quantitative analysis of the lattice constants. This 
comparably small kinetic energy of the electrons makes these investigations highly sensitive 
to magnetic fields and to charging in the vicinity of the sample. The whole growth chamber 
was therefore built from low remanence material. All ceramics on the sample holder had to be 
shielded by metal foil. Occasionally it became necessary after film deposition to sputter a test 
sample with 2keV Ar+ ions for 30 minutes in order clean the sample holder. This is illustrated 
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by Figure 15a which shows a LEED image of a HBC film on Au(100). Parts of the sample 
holder are charged after film deposition leading to a heavily distorted LEED image. The 
sample was then replaced by another gold crystal which was sputtered with 2keV Ar+ ions for 
30 minutes and annealed at 820K for 30min. The HBC on Au(100) sample was transferred 
back to the sample holder and another LEED image was recorded which did not show these 
heavy charging effects. Now it was even possible to obtain a high quality LEED image at an 
primary beam energy of 7.3eV, which is an extremely small energy value for this technique. 
 A filament current of 1.0A was chosen in the LEED experiments discussed in this work. A 
CCD Camera connected to a standard PC by a frame grabber card was used for recording the 
LEED images. A distortion correction function was determined by Mannsfeld [Man99] in 
order to account for optical distortion. Diffraction images of the well known (7×7) surface 
reconstruction of Si(111) were used for that purpose. Mannsfeld [Man99] also corrected a 
constant voltage deviation to the voltages displayed by the control unit following a procedure 
suggested by Günther [Gün98]. The correct sample position relative to the LEED system was 
determined in the Auger mode. The position was adjusted searching for a narrow, well shaped 
primary peak in an Auger spectrum.  For better visibility, all LEED images are shown with 
inverted contrast throughout this work. All LEED simulations were performed using the 
program LEEDSIM 1.2 [LEE]. 
 
a 
 
b 
 
c 
 
 
 
 
 
Figure 15: a) LEED image of HBC on Au(100) 
showing charging effects (primary beam energy 
11.1eV). b) Same sample as in a) but after sample 
holder cleaning (primary beam energy 11.4eV). c) 
Same sample as in b) but at a primary beam energy of 
7.3eV. 
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5. Results and discussion 
5.1 The Au(100) surface 
 
 Chapter 5.1 gives an overview over the structural and electronic properties of the 
bare Au(100) surface. Special attention is paid to specific contrast modulations when 
imaging the Au(100) surface with STM and to multiple scattering effects when 
performing LEED measurements. The STM contrast modulation is of particular interest 
since it will be used to identify different molecular domains of PTCDA on Au(100) in 
Chapter 5.2. The multiple scattering effects are important for the interpretation of the 
LEED images presented in Chapter 5.3 for HBC on Au(100). 
 
 The Au(100) surface has been investigated extensively by several surface science 
techniques, like LEED[Zeh75, Lie90], STM[Gao92, Bui96], ion[Zeh75]- and X-ray 
scattering[Gib90]. The surface was found to show a hexagonal reconstruction, i.e., in contrast 
to the square symmetry of the Au(100)–bulk plane the top layer of gold atoms shows a 
hexagonal arrangement. The lattice parameters of the hexagonal unit cell at room temperature 
were determined in a detailed synchrotron X-ray-scattering study by Gibbs et al.[Gib90]: 
a=(2.763±0.002)Å, b=(2.766±0.002)Å and γ=(120.03±0.10)° . Two different phases of the 
hexagonal surface reconstruction were observed within this study at room temperature. The 
difference between both phases is the orientation of the b-axis of the hexagonal top layer with 
respect to the underlying Au(100) bulk plane. The angles between the b-axis and the 
Au<110> direction are 0° and (0.81±0.05)°, respectively. In the following, these two phases 
will be referred to as the 0°- and the 0.81°-Au(100) surface reconstruction. The X-ray-
scattering results clearly show that the outermost layer of gold atoms is incommensurate with 
the underlying Au(100) bulk plane. Various periodicities of the Au(100) overlayer structure 
were derived from earlier LEED and STM measurements, e.g., (5×1), (5×20), (5×27), and 
(5×28) [Kuk88, Lie90, Zeh75]. 
 
 Figures 16a and 16b show high resolution constant height STM images of the 0°- and the 
0.81°-Au(100) surface reconstruction, respectively. The striking feature in these images is the 
striped contrast modulation with the stripes running from the top left to the bottom right of the 
images. The separation of the stripes is about 5 times the nearest neighbor distance of the gold 
atoms in the underlying Au(100) bulk plane. Contrary to the 0°-structure (Figure 16a), the 
stripes are periodically stepped in the case of the 0.81° reconstruction (Figure 16b). The 
assignment of the two STM images in Figures 16a and 16b with the two reconstruction phases 
becomes evident by comparison to the simple models shown in Figure 16c and 16d. Therein, 
each atom of the top layer is represented by a filled circle. The gray value of each circle is 
related to the distance between the corresponding top layer lattice point to the nearest lattice 
point of the underlying Au(100) bulk plane (bright circles mean small distances, dark circles 
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mean longer distances). The resulting Moiré pattern resembles the contrast modulation in the 
STM images given in Figures 16a and 16b. The strong contrast modulation of the Au(100) 
surface influences the contrast of adsorbed monolayers of organic molecules on this surface 
as will be discussed in Chapter 5.2 and 5.3. 
 
  
Figure 16a: Constant height STM image of the 0°-
reconstructed Au(100)-surface (10nm×10nm, 0.41V, 
0.27nA). 
Figure 16b: Constant height STM image of the 0.81°-
reconstructed Au(100)-surface (10nm×10nm, 0.36V, 
0.17nA). 
  
Figure 16c: Simulated contrast modulation of the 0°-
reconstructed Au(100)-surface. 
Figure 16d: Simulated contrast modulation of the 
0.81°-reconstructed Au(100)-surface. 
 
 
5.1 The Au(100) surface 45
   a 
   b 
Figure 17a): LEED image of reconstructed Au(100) at a primary beam energy of 47.7eV. b) Simulated LEED 
pattern, geometrical LEED theory (black: bulk Au(100) spots, blue: simple scattering spots of the hexagonal top 
layer, red: multiple scattering spots ). 
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 The LEED image of the reconstructed Au(100) surface (Figure 17a) shows a complex 
diffraction pattern. It is not only composed of simple scattering spots according to the 
outermost hexagonal layer of gold atoms and to spots originating from the underlying bulk 
Au(100) plane, but also of a number of multiple scattering spots. Figure 17b gives a 
schematic explanation of the composition of the diffraction pattern considering only the 0°-
surface reconstruction. The black circles represent the Au(100) bulk plane spots, the blue 
circles the hexagonal toplayer spots. Two symmetry equivalent domains of the hexagonal 
adlayer exist due to the four fold symmetry of the Au(100) bulk plane. These two domains are 
represented by filled and open blue circles, respectively. The blue arrows mark the hexagonal 
unit cell in reciprocal space. Each of the intense Au(100) bulk reflexes (black) acts as a 
“primary beam” when passing the hexagonal toplayer and causes additional diffraction spots. 
This is illustrated in Figure 17b by the green half circle centered around a Au(100) bulk spot 
which connects the open red spots. The black center spot causes the open red multiple 
scattering spots. All the red spots in Figure 17b (filled or open) represent multiple scattering 
spots caused by the four drawn bulk spots. If one considers now not only the 0°- but also the 
0.81°- surface reconstruction, then all spots will smear out significantly (except the bulk 
spots). This is in contrast to the relatively sharp spots in the representative LEED image in 
Figure 17a. From this we conclude that the 0°-surface reconstruction is dominating the 
surface structure of the Au(100) single crystal. 
 
 The electronic structure of the Au(100) surface is of particular interest for the discussion of 
STS results obtained for molecules adsorbed on top of this surface. Those STS results are 
discussed in Chapter 5.2 for PTCDA on Au(100) and in Chapter 5.3 for HBC on Au(100). 
The electronic structure of the reconstructed Au(100) surface has been studied by angle 
resolved UV-photoelectron spectroscopy (ARUPS) [Hei79, Han76], inverse photoelectron 
spectroscopy (IPES) [Str86b] and STS [Kuk89]. These literature data are reviewed in the 
following: 
 
- The ARUPS spectra [Hei79] showed intense peaks for energies between 2.5eV to 6.5eV 
binding energy (relative to the Fermi energy) which originate from d-band states. For the 
discussion of the STS data presented in Chapters 5.2/5.3 the ARUPS spectra are most 
interesting in the energy region of 2.0eV binding energy relative to the Fermi level up to the 
Fermi energy. Within this energetic region no peak was observed in the normal emission 
ARUPS spectra. The normal emission UPS data are most important for the comparison with 
STS data since states with zero parallel momentum to the surface would give the highest 
contribution to the tunneling current, as discussed in Chapter 2.2.  
- Hansson et al. [Han76] found a value of (5.22±0.04)eV for the Au(100) work function in 
photoelectron spectroscopy experiments. 
- IPES measurements [Str86b] revealed an image-potential surface state at 0.63eV relative to 
the vacuum level. Considering the Au(100) work function, this image-potential surface state 
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is found 4.59eV relative to the Fermi level which is not in the region of interest for the STS 
experiments discussed in this work. 
- Kuk et al. [Kuk89] measured tunneling I-V-curves on Au(100) consecutively at various 
fixed tip sample separations within a voltage range of ±2.5V. A peak in the normalized 
differential conductivity at –1.0V (applied to the sample) was observed only for one specific 
tip-sample distance. At the other distances only very weak features were found at –0.8V and 
+0.7V. 
 
 Within this work, STS measurements were also performed on the bare Au(100) surface. 
The I-V measurements on the bare Au(100) surface turned out to be highly unstable. They are 
not shown here, since they do not fulfill the criteria established in Chapter 2.2. However, no 
pronounced peak was found in these measurements in the normalized differential 
conductivity. This is unlike the case of the Au(111) surface were a Shockley surface state was 
found in UPS and STS measurements at –0.4eV relative to the Fermi level [Kai86]. 
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5.2 PTCDA on Au(100) 
 
 An overview over the growth of different phases of highly ordered PTCDA layers on 
Au(100) observed in both STM and LEED measurements is given in Chapter 5.2. The 
molecules were found to be arranged either in a herringbone or in a square structure. 
Six different orientations of the herringbone structure and five different orientations of 
the square structure were observed. Furthermore, the specific contrast modulations of 
the different herringbone phases are discussed. The contrast modulation is used for the 
identification of the different herringbone PTCDA domain orientations. 
 STS curves recorded on the different phases are shown. The STS Section starts with 
the discussion of measurements on a PTCDA monolayer at different fixed tip sample 
separations. These measurements were accompanied by high resolution imaging. Then, 
tunneling spectroscopy data measured consecutively on the bare gold surface and a 
herringbone PTCDA island as well as another set of consecutive measurements on 
herringbone and square phase PTCDA islands are presented.  
 The spectroscopic data obtained on the PTCDA island and on the closed PTCDA 
monolayer are compared to UV photoemission spectroscopy (UPS) and inverse 
photoemission spectroscopy (IPES) data from literature. 
 
5.2.1 Structural characterization 
 
 Before performing STS measurements, much effort was paid to the preparation and 
characterization of highly ordered films of the organic molecules. The preparation of those 
films is of great importance for the stability of the tunneling spectroscopy experiments. 
Moreover, a detailed knowledge of the different molecular structures which can be found on 
the Au(100) surface allows to investigate whether STS experiments are sensitive to the 
arrangement of the molecules on the surface.  
 
 The highly ordered PTCDA films were prepared at deposition rates varying between 0.5 
and 2.5 monolayers per minute. This corresponds to a Knudsen cell temperature of 600K to 
625K. Within these limits, the growth scheme did not vary with the deposition rate. All 
experiments were performed with the substrate at room temperature. The base pressure in the 
vacuum chamber was 5×10-10mbar, the pressure during deposition was 3×10-9mbar.  
 
 PTCDA was found in STM measurements to form large nearly defect-free domains on the 
Au(100) surface. The only limitation for the domain size seems to be the size of the Au(100) 
terraces. Figure 18 shows a 100nm×100nm scan with most of the imaged area being covered 
by a single domain. The dark zigzag shaped double line in the upper left corner of the image 
is due to two step edges of the underlying Au(100) surface. The high resolution STM image 
in Figure 19 clearly reveals the well known herringbone structure of the PTCDA molecules. It 
5.2 PTCDA on Au(100)  49
is a pseudo 3-dimensional view onto the PTCDA covered Au(100) surface with a gold step 
edge separating two PTCDA covered gold terraces. This herringbone structure is the preferred 
growth mode of that molecule on a variety of substrates, as already discussed in Chapter 3.2. 
Although the major part of the surface was covered by herringbone PTCDA domains, square 
phases were also observed in STM measurements. The typical domain sizes here were much 
smaller than in the case of the herringbone structure ranging from (10nm)2 up to (30nm)2. 
 
Figure 18: STM constant height image of PTCDA on Au(100) (100nm×100nm, U=0.7V, I=0.14nA). 
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Figure 19: STM constant current 
image (20nm×20nm, U=0.7V, 
I=0.15nA). 
 
 Figure 20 shows the square phase in coexistence with a herringbone domain. The bare 
Au(100) surface is also visible in Figure 20. The uncovered reconstructed gold surface can 
clearly be identified by the stripes in the upper part of the image. The domain boundaries are 
marked by white lines in order to guide the eye. Both the herringbone and the square phase 
unit cells include two molecules, which are oriented nearly perpendicularly relative to each 
other. The molecular arrangement within the unit cells of the two structures is sketched in 
Figure 21a and 21b. This pair-wise near orthogonal orientation of the PTCDA molecules 
leads to the compensation of the quadrupole moments of the molecules caused by the 
anhydride groups and is therefore energetically favorable. 
 
 
 
 
 
a                                   b 
Figure 20: STM constant current image (40nm×40nm, 
0.75V, 0.05nA). 
Figure 21: Unit cells of the herringbone (a) and the 
square phase (b) of PTCDA. 
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 The precise determination of the adsorbate lattice parameters from STM images is difficult 
if the imaged area does not include a built-in scale. If, for instance, the lattice of the gold 
atoms in the bare Au(100) region and the lattice of the organic adsorbates were imaged within 
the same scan, the gold lattice could be used for the calibration of the length scale of the STM 
image. However, such images were not obtained in the STM investigation. Therefore, low 
energy electron diffraction measurements were exploited to obtain the lattice parameters. 
 
 A LEED image of a 5 monolayer PTCDA film on Au(100) is given in Figure 22a. The 
primary electron beam energy for this image was 9.6eV. The three intense, single inner spots 
originate from the Au(100) surface reconstruction and are multiple scattering spots of the first 
and second gold layer (one of these spots is marked by a white circle). A fourth Au(100) 
multiple scattering spot is hidden by the electron gun. The large number of diffraction spots 
indicates the growth of PTCDA domains in several orientations. All the spots of this LEED 
image can be explained by 5 different herringbone orientations of PTCDA on 0°-
reconstructed Au(100). As already discussed in Chapter 5.1, the 0°-reconstruction was found 
to be the dominating surface configuration of the Au(100) surface. Two equivalent 0°-
reconstruction domains exist on the surface due to the four-fold symmetry of the Au(100) 
bulk plane. The overlay in Figure 22c shows the measured LEED image and the simulated 
LEED pattern for the five herringbone orientations H-1 – H-5 taking into account the 
symmetry of the substrate. Four symmetry equivalent domains exist for each orientation, 
except for H-1 where a molecular lattice vector is aligned with a substrate lattice vector 
(within the experimental error) and where therefore only two symmetry equivalent domains 
exist. Furthermore, the diffraction pattern fully reflects the symmetry of the herringbone 
arrangement, i. e. due to the presence of two glide symmetry axes within the herringbone unit 
cell, the (h 0) and (0 k) spots are suppressed for odd values of |h| and |k|. Occasionally, a sixth 
orientation H-6 of a herringbone domain was observed. The lattice constants a, b and γ do not 
show a strong variation for the six orientations. All measured values are inside the following 
intervals: a=12.4±0.5Å, b=19.4±0.7Å, γ=90.0±1.3°. The difference between the six phases is 
the angle δ between the PTCDA a-axis and that Au<110> direction which is oriented along 
the 0° gold reconstruction stripes. An overview over the herringbone phases is given in Table 
1. Figure 22b shows a simulated LEED pattern including all of the 6 herringbone orientations. 
As an example, the reciprocal lattice of a domain H-2 and its mirror domain is also drawn in 
this Figure (blue and red lines, respectively). 
 
 Surprisingly, no diffraction spots can be identified in the LEED image which are related to 
a square phase (neither in the LEED image presented in Figure 22a nor in LEED images of 
monolayer or submonolayer coverages). This could be attributed to the small size of the 
square phase domains and to the fact that the major part of the molecules forms the 
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herringbone structures. Five different orientations of square phase domains (S-1...S-5) were 
observed in STM measurements (see table 1 for the domain orientations). All these domains 
were found to be adjacent to herringbone islands. The lattice parameters for the different 
square phase domains were a=16.2±0.8Å, b=16.5±0.8Å and γ=90±2°. The structures H-4, 
S-2, S-3 and S-4 were previously observed in STM investigations of PTCDA on a Au(100) 
single crystal [Sch02]. 
 
 
Table 1: Overview over the PTCDA herringbone and square phase domain orientations [Man01]. 
Herringbone Phase H-1 H-2 H-3 H-4 H-5 H-6 
δ/° 0.1±0.6 8.0±0.5 37.0±0.7 45.0±0.8 59.3±0.6 67.5±0.7 
Square Phase S-1 S-2 S-3 S-4 S-5 
δ/° 4±2 34±2 47±2 56±2 74±2 
 
 
 In principle, a domain of the orientation δ would cause the same diffraction pattern like a 
domain of the orientation (90°-δ) as long as only simple scattering is considered. This is due 
to the two symmetry equivalent 0°-reconstruction domains which are present on the surface 
and which contribute to the diffraction pattern. However, one of the two reconstruction 
domains is often dominating the LEED pattern. This indicates that the two 0°-reconstruction 
domains do not cover equal parts of the surface. One can correlate the PTCDA spots with the 
corresponding reconstruction reflexes, since reflexes of PTCDA orientations belonging to the 
dominating reconstruction domain show higher intensity.  
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   a 
   b 
Figure 22: a) LEED image of PTCDA on Au(100) at a primary beam energy of 9.6eV. One of the multiple 
scattering spots of the Au(100) surface reconstruction is marked with a white circle. b) Simulated diffraction 
pattern (geometrical LEED theory) for the orientations H-1 – H-6 including all symmetry equivalent domains. 
As an example, the reciprocal lattice of a domain H-2 and its mirror domain is drawn (blue and red lines, 
respectively) 
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c 
Figure 22c) Overlay of the LEED image in Figure 22a) and the simulated LEED pattern for the domains  
H-1...H-5. 
 
 Another possibility to distinguish between the δ and the (90°-δ) orientation is the 
comparison of LEED data to STM images. If possible, imaging both the adsorbate lattice and 
the underlying gold surface would yield the correct orientation of the adsorbate domains. This 
procedure will be demonstrated in the next Chapter for HBC on Au(100). 
 
 In the case of PTCDA on Au(100), a superstructure in the STM contrast is observed in 
constant current STM images of monolayers or submonolayers. This superstructure carries 
information about the underlying Au(100) surface. This is shown in the two examples given 
in Figures 23 an 24, which in part (a) show constant current STM images of PTCDA on 
Au(100). Both images have in common that there is an uncovered region of the gold surface 
which helps to identify orientations oft the PTCDA domains. Figure 23a consists partially of a 
constant height image (within the area which is marked by the white rectangle) and a constant 
current image (within the rest of the Figure). This is because the bare gold was more clearly 
visible in the constant height image while the contrast modulation was better visualized in the 
constant current image. Figures 23b and 24b are simulations of the corresponding contrast 
variations in the STM images presented in 8a and 9a, respectively. The simulated images are 
rotated in a way that the PTCDA lattice vectors of the measured and simulated images are 
aligned. The simulated Au(100) 0°-reconstruction is partially shown in the inset in the upper 
corner of the simulated images. It is difficult to deduce from the small uncovered Au(100) 
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areas in the STM scans in 8a and 9a whether the gold surface is indeed 0°-reconstructed 
instead of being 0.81°-reconstructed. However, the resulting molecular contrast differs 
significantly for the two possible underlying Au(100) reconstructions. Good agreement 
between experimental and simulated contrast variation is achieved only when assuming a 0°-
reconstruction in Figures 23a and 24a. The orientations H-2 and H-5 are simulated in Figures 
23b and 24b, respectively.  
 
 The simulation procedure for the molecular contrast is as follows: First, a bitmap of the 
reconstructed Au(100) surface is computed as described in Chapter 5.1. Second, the 
molecular lattice is calculated with each molecule being symbolized by a filled rectangle. 
There are two rectangles of different orientation within the unit cell. The grayscale value of 
each rectangle is the average grayscale value of the Au(100)-bitmap area which would be 
covered by the particular rectangle. 
 
 In Figures 23 and 24, an angle α is defined as the angle between the short PTCDA lattice 
vector (oriented along the blue line) and the direction of the bright stripes (green line) which 
are the result of the contrast variation. In the case of Figure 23a an experimental value αexp 
=18° is measured from the drift corrected STM image which is close to the value of αsim =20° 
in the simulated image. An even better agreement is found for the orientation H-5 shown in 
Figure 24, where αexp=αsim=52° was obtained. 
 
 These two examples demonstrate the dependence of the contrast modulation in the STM 
images on the specific orientation of the PTCDA domains on the Au(100) surface. This 
dependence allows to distinguish between domains of different orientation even if an 
uncovered gold area is not visible at all. Moreover, it allows to conclude whether mono- or 
multilayers of PTCDA are imaged in STM measurements (high precision monitoring of the 
film thickness using the quartz crystal microbalance is problematic, as discussed in Chapter 
4.3). The strong contrast modulation is expected to vanish when imaging multi- instead of 
monolayers. This assumption is experimentally supported by STM images of a sample of 
nominally two monolayer thickness (not shown here) which exhibited a 10nm hole in the top 
layer. A strong striped contrast modulation was only visible within the hole (i.e. in the 
monolayer). 
5 Results and discussion 56
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
a 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
b 
Figure 23: a) Constant current STM image of PTCDA on Au(100), orientation H-2 (49.5nm×52.9nm, 0.08V, 
0.05nA). The image is drift corrected (based on the LEED data for the lattice constants), αexp =18°. b) Simulated 
molecular contrast, αsim =20°. Inset: calculated Au(100) 0°-reconstruction. 
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Figure 24: a) Constant current STM image of PTCDA on Au(100), orientation H-5 (70×70nm, 0.75V, 0.15nA). 
The image is drift corrected, αexp =52°. b) Simulated molecular contrast, αsim =52°. Inset: calculated Au(100) 0°-
reconstruction. 
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5.2.2 STS measurements on PTCDA on Au(100) 
 
 Tunneling spectroscopy measurements have been performed on the highly ordered PTCDA 
films described in the previous Section. The surface coverage ranged from submonolayers up 
to closed monolayers. Figure 25a shows a constant height STM image of a one monolayer 
thick herringbone phase PTCDA film. The square in Figure 25a marks the area imaged 
directly before and after performing the spectroscopy measurements shown in Figure 26 (see 
Figure 25b and 25c, respectively, for the corresponding scans). It was stated in Chapter 2.2 
that imaging the relevant surface area before and after the STS measurements is an essential 
issue for measuring reliable STS data in order to exclude tip or sample alterations. The images 
in Fig. 25b and c reveal no changes except a small lateral drift of the sample between the two 
scans.  
 
  
 
 
 
 
 
 
b 
a 
  
 
 
 
 
 
 
c 
 Figure 25: a) STM constant height image of one monolayer PTCDA on Au (100) (100nm×100nm, 0.05nA, 
0.65V) showing a large domain of the well known herringbone structure. The PTCDA film exhibits the specific 
contrast modulation which consists of a striped superstructure with the stripes running from the top left to the 
bottom right. The white square indicates the area scanned directly before and after recording the STS data shown 
in Figure 25 b) and c) Constant current images (15nm×15nm, 0.05nA, 0.65V) scanned directly before and after 
recording the STS data shown in Figure 26. 
 
 In Figure 26a, the results of current voltage spectroscopy performed at fixed tip-sample 
distances (i.e. with the feedback loop being switched off) are illustrated. Each I-V-curve is 
averaged over 6 successive voltage sweeps. The time required for a complete spectroscopy 
measurement is below 1 s, and therefore it is safe to assume that any lateral drift influence can 
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be neglected. The measurement was repeated for two different tip sample distances at the 
same lateral position of the tip. The normalized derivatives shown in Figure 26b were 
calculated numerically following the procedure introduced by Prietsch [Pri91] (for a 
description see Chapter 2.2). The I-V-curves themselves are asymmetric, showing a faster 
increase of the tunneling current at positive sample bias. The normalized derivatives of the I-
V-curves clearly reveal a peak at approximately 0.95eV. It has to be emphasized that the peak 
position is independent of the tip sample distance. This result is expected for a normalization 
procedure that recovers the LDOS from the I-V-measurements. It was tried to perform site 
specific STS measurements by recording data of several intramolecular positions. However, 
no distinctive differences in the peak positions of the normalized derivatives were found. 
 
 As mentioned in Chapter 2.2, an inherent difficulty in the interpretation of STS data is the 
influence of the electronic structure of the tip. Since the tip LDOS depends on the specific tip 
geometry, it is difficult to decide whether the structure of the normalized derivative of the I-
V-curves has to be attributed to the tip or the sample LDOS. Therefore, the experiment was 
repeated using several tips. This is illustrated by Figure 26c which shows normalized 
derivatives of the I-V-curves recorded with different tungsten tips. The curves exhibit 
approximately the same peak position of 0.95eV. 
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Figure 26 a): I-V-curves recorded at fixed tip-sample distances. The blue and the red curve are recorded at two 
different tip sample distances at the same lateral position. The difference in the tip sample distance between the 
two curves is nominally 0.7Å. Each I-V-curve is averaged over 6 successive voltage sweeps. 
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Figure 26b):  Normalized differential conductivity curves calculated from the data shown in Figure 26a. Both 
curves show an identical peak position at 0.95V independent on the tip-sample distance. The normalized 
differential conductivity was calculated following the procedure of Prietsch et al. [Prie91] (see Chapter 2.2, 
parameter b2=0.01*10-18Ω-2 for the smaller tip sample separation on gold and PTCDA, respectively, and 
b2=0.1*10-18Ω-2 for the larger tip sample separation on gold and PTCDA) 
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Figure 26 c): Comparison of normalized derivatives of the I-V-curves recorded with different tungsten tips. 
The curves exhibit approximately the same peak position of 0.95eV (the red curve is the same as in 26b), the I-
V data which correspond to the black curve were measured directly before recording the STM image in Figure 
19. 
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 As a further proof that the peak at 0.9eV can indeed be attributed to the electronic structure 
of the PTCDA molecules, STS measurements were performed consecutively on PTCDA 
islands and on uncovered areas of the Au(100) surface. In the left part of the STM image in 
Figure 27a, the uncovered Au(100) surface is visible. “Uncovered” means here that it is not 
covered by a stable molecular island, while a 2D gas consisting of mobile molecules might be 
present. The striped pattern is due to the Au(100) surface reconstruction. On the right side of 
the image, a PTCDA island can be seen. Figure 27a is a constant current image, i.e. it shows 
the apparent height of the surface area.  
 
 The molecular island appears to be slightly lower than the uncovered surface area. 
Such a reversed surface corrugation was reported previously, e.g. for PTCDA on Ag(110) 
[Böh98] and 1-nitronaphthalene on Au(111) [Böh00]. In the case of PTCDA on Ag(110), 
Böhringer et al. [Böh98] observed normal surface corrugation of molecular islands at 50K. At 
295K, this normal corrugation was observed only at high tunneling resistances. At lower 
tunneling resistance and 295K, the contrast between islands and the surrounding substrate was 
found to be reversed. Under these conditions, vacancies within islands did not show contrast 
reversal. Böhringer et al. explained the reversed surface corrugation as follows: Each time the 
tip leaves a molecular island, a mobile molecule on the bare Au surface is trapped underneath 
the tip apex and each time the tip-molecule-complex passes the edge of an island the molecule 
below the tip is stripped off. There are no mobile molecules present at low temperatures or in 
vacancies within the island and normal contrast is therefore observed in these cases. 
 
 Consequently, one could think that there should be no height contrast at all. However, the 
remaining (small) step height of 0.05..0.1 Å can be readily explained by considering either a 
different work function of the molecule on Au and on W or a slightly tilted molecule on the 
tip apex. It should be mentioned here that nearly all STM images of PTCDA islands on the 
bare gold surface showed inverted surface corrugation. A few times, it was possible to acquire 
an image with normal contrast (shown in Figure 27b). However, it was not possible to get 
reliable STS data then. 
 
 The apparent heights of the islands can be seen in the corresponding line profiles in Figure 
27c and 27d. Although the resolution of the molecular structure in Figure 27a is rather poor 
compared to the highly resolved image in Figure 19, the molecular island shows the 
characteristic contrast modulation as discussed in the previous Section and can be identified 
as a PTCDA domain of the phase H-5 (using the nomenclature of table 1). The tunneling 
spectroscopy data displayed in Figure 28a are measured directly after recording the STM 
image in Figure 27a. 
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Figure 27: a) STM constant current image (50nm×50nm, 0.65V, 0.05nA) of a molecular island of PTCDA on 
Au(100) showing inverted contrast. In the left part the uncovered Au(100) surface is visible. Uncovered means 
here that it is not covered by a stable molecular island. The striped pattern is due to the Au(100) surface 
reconstruction. On the right side of the image a PTCDA island can be seen. b) STM height image (50nm×50nm, 
0.60V, 0.05nA) with normal contrast. c) and d) Height profiles of the images in Figures 27a and b, respectively. 
For noise reduction these profiles were generated by averaging over an area of ten subsequent lines which is 
marked in Figures a) and b). 
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Figure 28: a) I-V-spectroscopy performed consecutively on uncovered gold and on a PTCDA island. First, I-V-
curves were recorded on the bare gold area at two different tip-sample-distances (blue curves). Then the tip was 
moved to the PTCDA island where again I-V-curves were recorded at two different tip-sample-distances (red 
curves). The difference in the tip sample distance between the curves is nominal 0.7Å in both cases (STS on the 
PTCDA island and on the bare Au(100), respectively). b) Normalized differential conductivity curves derived 
from the data in Figure 28a. The red curves (which belong to the STS data on the PTCDA island) show a 
pronounced peak at approximately 0.95eV. The normalized differential conductivity was calculated following 
the procedure of Prietsch et al. [Prie91] (see Chapter 2.2, parameter b2=0.05*10-18Ω-2 for the smaller tip sample 
separation on gold and PTCDA, respectively, and b2=0.01*10-18Ω-2 for the larger tip sample separation) . 
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 The direct comparison of the tunneling spectroscopy data recorded consecutively using the 
same tip at different sites of the surface is a further proof that the peak in the normalized 
differential conductivity at positive sample bias can be attributed to the electronic structure of 
the PTCDA adsorbed on the gold surface. The I-V-curves were recorded at single points on 
the PTCDA island (red curves) and the uncovered area (blue curves), respectively. In both 
cases, the I-V-curves were measured at fixed lateral positions, and at each position 
consecutively for two different fixed values of the tip sample separation. The I-V-curves 
measured on the uncovered Au(100) surface show clearly different characteristics compared 
to those measured on the PTCDA island. The striking difference is the strong increase of the 
tunneling current at bias voltages larger than +0.7 V. This is more obvious in the normalized 
derivatives (Figure 28b, calculated following the procedure introduced by Prietsch [Prie91]). 
The curves recorded on the island show a pronounced peak at positive sample bias, whereas 
measurements on the bare gold do not. The peak positions in the normalized derivatives are 
approximately the same as the one determined from the measurements on the closed 
monolayers displayed in Figure 26. The full-width-at-half-maximum (FWHM) of the peak of 
approximately 0.7V is comparably large. In general, the width of STS peaks is determined by 
a number of factors like thermal broadening (4kT) [Che93], broadening of molecular states 
due to electronic coupling with the metallic substrate [Lan99], and broadening because of the 
momentum uncertainty due to the high spatial resolution [Che93]. However, so far no detailed 
study has been published addressing the issue of peak width in STS measurements.  
 
 The slight depression in the normalized differential conductivity curves in Figure 28b 
collected on the bare Au(100) area at approximately 0.8eV was observed only occasionally 
for PTCDA submonolayer samples and was neither found on Au(100) surfaces without any 
PTCDA coverage nor on samples with closed monolayer coverage. Hence, it seems to be safe 
to assume that this depression is caused by the presence of a PTCDA molecule on the tip apex 
while scanning the uncovered Au area. Still, the relation between the normalized differential 
conductivity and the electronic density of states is quite complicated. Therefore, in the 
interpretation of the normalized differential conductivity curves, we should focus on the 
positions of pronounced peaks since only these values were proven in literature [Str86] to 
resemble maxima of the electronic density of states. The exact curve shape could only be 
discussed in comparison with a theoretically calculated tunneling current and its normalized 
derivative. The limited reproducibility of the depression may arise from the arbitrary 
adsorption geometry of molecules at the tip apex in case of measurements on the uncovered 
Au(100) areas, while in case of measurements on PTCDA islands it is always assumed that no 
molecule is present at the tip (as discussed above). At negative sample bias, neither of the 
normalized differential conductivity curves in Figure 28b show a pronounced peak within the 
applied voltage range. 
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 So far, it was shown that a peak at +0.95V is found for normalized differential conductivity 
curves measured on herringbone PTCDA layers. In the next step, measurements for different 
molecular structures and domain orientations are compared. Therefore, a set of I-V-curves is 
shown in Figure 29a. 
 
 These STS measurements were performed after imaging a surface area where the 
herringbone phase and the square phase as well as the bare gold surface were in coexistence. 
The corresponding images which were scanned before and after recording the STS data in 
Figure 29a can be seen in Figures 30a and b, respectively. The black curve is measured on a 
herringbone PTCDA island of the phase H-2 which covers the major part of the surface area 
imaged in Figure 30. The red curve was recorded on the small square phase island adjacent to 
the herringbone domain in the top right part of the images. For comparison, a tunneling I-V-
curve was measured also on the bare gold surface area (green curve). The reconstructed 
Au(100) surface can be seen in the top right corner of the STM images in Figure 30.  
 
 First, the black curve measured on the herringbone island will be discussed. The 
corresponding normalized differential conductivity curve (black curve in Figure 29b) shows 
basically the same shape as those curves measured on PTCDA in Figure 28b and 26b. 
Especially, the peak position at 0.9 V is reproduced, despite the different tips and the different 
orientations of the herringbone domains.  
 
 Second, STS curves measured on the square phase (red curve in Figure 29a) are 
compared to the herringbone STS data (black curve in Figure 29a). This time, I-V curves are 
compared which were recorded consecutively using the same tip. The peak in the 
corresponding normalized differential conductivity curves (Figure 29b) at positive bias 
voltages appears to be broader and shifted to slightly lower voltages when comparing the red 
and the black curve and can be found approximately at 0.8eV. Figure 31 is presented in order 
to show that this effect is indeed caused by the different PTCDA structures and not by large 
differences in the tip sample separations. The I-V curves shown in Figure 31a are again 
measured on a PTCDA square phase (red curve) and a PTCDA herringbone phase (black 
curve), respectively. The corresponding STM image was shown at the beginning of Chapter 
5.2.1 in Figure 20. The two I-V curves are almost identical at negative bias voltages. This 
indicates that the tip sample distances are nearly identical for both cases (the tunneling current 
depends exponentially on the tip sample separation). Differences between both curves are 
obvious for voltages larger than +0.8V, exactly the voltage where the tunneling current is 
significantly determined by tunneling via a molecular orbital. 
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Figure 29: a) Consecutively recorded STS curves measured on the herringbone PTCDA phase (black), a 
PTCDA square phase (red) and the bare gold (green curve). Each I-V-curve is averaged over 6 successive 
voltage sweeps. b) Corresponding normalized differential conductivity curves calculated following the 
procedure of Prietsch et al. (see Chapter 2.2, parameter b2=0.01*10-18Ω-2) [Prie91]. The green curve was shifted 
on the normalized differential conductivity axis for better visualization. 
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  a 
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Figure 30: STM constant height images (100nm×100nm, 0.75V, 0.05nA) before a) and after b) performing the 
STS measurements presented in Figure 29. 
 
 A third curve measured on the bare gold surface consecutively to the black and the red 
curves is shown Figure 29a. As mentioned in the previous Chapter, STS measurements on the 
bare gold surface were highly unstable, especially outside a voltage interval of ±1.0 V. Here, 
6 repetitions of the voltage ramp were recorded. Two of them which showed instabilities were 
not used in the calculation of the average curve in Figure 29 (green curve). This curve is 
nearly symmetric for positive and negative bias voltages, respectively. The corresponding 
normalized differential conductivity curve was shifted on the normalized differential 
conductivity axis for better visualization. It is rather noisy compared to the other two curves 
in Figure 29b (the oscillations at negative bias voltage are not reproduced for different voltage 
sweeps). Nevertheless, one can state again that no pronounced peak can be found in the curve 
recorded on the bare gold surface.  
 
 The maximum bias voltage in the STS data presented above was ±1.5V or ±1.8V. Only 
one pronounced maximum in the normalized differential conductivity was found. The 
determination of the energetic position of more than one maximum would be helpful for the 
interpretation of the tunneling I-V curves. Moreover, peaks at negative bias voltages could be 
compared to precise literature data for the energetic positions of occupied molecular states 
obtained in UPS measurements. Therefore, it is of great interest to extend the voltage range 
beyond ±1.8V. On the other hand, the increased bias voltage leads quite easily to tip or 
sample changes due to the high electric field. 
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Figure 31: a) STS measurements performed after recording the STM images in Figure 20 on the herringbone 
phase (black curve) and the square phase (red curve), respectively. Each I-V-curve is averaged over 4 successive 
voltage sweeps. b) Corresponding normalized differential conductivity curves calculated following the 
procedure of Prietsch et al. (see Chapter 2.2, parameter b2=0.01*10-18Ω-2) [Prie91]. 
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 In the case of HBC, it was possible to extend the voltage range by a modification of the 
data acquisition procedure (described in detail in Chapter 5.3.2). This modified procedure was 
not successful in the measurements on PTCDA. However, a few times it was possible to 
obtain I-V-curves within an extended voltage range also in the case of PTCDA, using the 
standard procedure described in Chapter 2.2. 
 
 Figure 32 shows STS measurements on a herringbone PTCDA monolayer within an 
extended voltage range of ±2.5V. The measurement was repeated for three different tip-
sample distances at the same lateral position of the tip. The STM images recorded before and 
after performing the STS measurements (Figures 32a and b) do not show the same high 
resolution as, e.g., Figures 25b and c, and do therefore not allow to exclude tip or sample 
alterations. Nevertheless, all three normalized differential conductivity curves show the peak 
at 0.95V described above and no further peak at positive voltages.  
 
 The negative bias region shows also some structure within this data set. A less pronounced 
peak at –1.9V can be observed as well as a shoulder at –0.7V. While the peak at +0.95V was 
highly reproducible in the STS measurements on the herringbone structure, the features in the 
negative bias region did not show the same reproducibility. Some STS curves did not show 
any peak or shoulder at negative voltages. Nevertheless, a few measurements revealed a peak 
at –1.9V. However, no correlation between the exact tip position relative to the molecules and 
the specific curve shape of the normalized differential conductivity was found. Despite this 
considerable uncertainty, those data are still chosen to be presented here, because the 
appearance of a peak at approximately –1.9 V is quite likely, as will be shown in the next 
Section. 
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Figure 32: a) and b) STM constant height images before (a) and after (b) performing the STS measurements 
(15nm×15nm, 0.08V, 0.08nA). c) STS on a herringbone PTCDA monolayer at three different fixed tip sample 
separations measured with an extended voltage range of ±2.5V. Each I-V-curve is averaged over 6 successive 
voltage sweeps. d) Corresponding normalized differential conductivity curves calculated following the 
procedure of Prietsch et al. (see Chapter 2.2, parameter b2=0.01*10-18Ω-2) [Prie91] 
 
 
 
 
5.2 PTCDA on Au(100) 71
5.2.3 Comparison of STS results to UPS/IPES data and HREELS results 
 
 Before comparing STS and UPS results some general remarks are made concerning the 
interpretation of these data. The UPS data reflect the energetic positions of occupied 
molecular electronic states of the PTCDA films. One has to be aware of two important points: 
First, the ionization of the molecules leads to a relaxation of the electronic molecular 
structure. This means that the emitted electrons carry information about the ionized (positively 
charged) molecule embedded in the film [Fah01, Sch81, Hil00b]. In other words, the energies 
of the orbitals of the ionized molecule shifted by the polarization energy of the surrounding 
molecular film is probed. A detailed discussion of the photoionization process in organic 
solids is given in reference [Fah01]. Second, the ionization process includes vibronic 
excitation of the molecule [Hen94]. Therefore, UPS curves show a fine structure or at least a 
non-symmetric broadening of the peaks due to vibronic excitations. IPES data reflect the 
energetic positions of unoccupied molecular electronic states of the PTCDA films. In analogy 
to UPS measurements, the spectra are characteristic for ionized (negatively charged) 
molecules embedded in the film. The spectra are also influenced by polarization and vibronic 
excitation. 
 
 Considerably less is known about the situation in the tunneling experiment. Büttiker and 
Landauer made a theoretical estimation of the tunneling time [Büt82]. For typical parameters 
of a tunnel junction, they found a value of about 4×10-16s. Electronic relaxation of the 
molecule can therefore be expected to play a role in tunneling through molecular orbitals as 
well since it takes place on a comparable timescale [Hill00b]. The question of vibronic 
excitation of molecules during the tunneling process was addressed with increasing effort in 
recent years. Most of the work on STM-IETS (Scanning Tunneling Microscopy – Inelastic 
Electron Tunneling Spectroscopy) was done in the low bias region where no molecular 
orbitals of the investigated molecules were present. In this case, the typical rate for vibronic 
excitations is much less than 1 percent of tunneling electrons [Lau01]. Persson and Baratoff 
showed in an early theory paper [Per87] that vibrational excitation becomes much more 
important when it is mediated by an electronic resonance. 
 
 In conclusion, electronic relaxation, polarization of the molecular film, and vibrational 
excitation play a role in both UPS/IPES and STS measurements. However, comparison of the 
exact positions of LDOS maxima derived from UPS (IPES) experiments and STS data is 
difficult since the contributions from electronic relaxation, polarization, and vibrational 
excitation may be differently weighted in the different processes. Nevertheless, the direct 
comparison to UPS (IPES) measurements can help to identify peaks in the normalized 
differential conductivity obtained in STS experiments.  
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 The peak position in the normalized differential conductivity curves at +0.95eV has to be 
compared to the IPES peak position which is nearest to the Fermi energy. As summarized in 
Chapter 3.2, this first IPES peak was found at 1.2eV [Sat00] or 1.4eV [Hil00b], respectively, 
measured for 15Å...50Å PTCDA thin films on polycrystalline gold substrates. Although the 
IPES and STS data are not in perfect agreement they allow the conclusion that the STS peak 
at +0.95V is related to tunneling through the LUMO of a PTCDA molecule embedded in the 
film. The difference of 0.25...0.45eV when comparing IPES and STS peak positions will be 
discussed in the following. 
 
 The main difference between the STS and IPES data is that the latter were obtained for 
multilayer films while the STS curves presented in the previous Chapter were recorded on 
monolayer samples. In comparison to the free molecule, the orbital energies are generally 
shifted towards the Fermi level for molecules adsorbed on a substrate and embedded in a 
molecular film due to screening within the adsorbate layer and by the substrate. With 
increasing film thickness the screening within the molecular film becomes more important. In 
the monolayer, the contributions from the substrate are more relevant. The result of this 
difference would be a peak-shift when comparing monolayer and multilayer IPES spectra. 
Unfortunately, IPES data are not available for PTCDA monolayers. Another possibility would 
be an energy shift due to chemical bonding of the molecules in the monolayer to the Au(100) 
substrate. This effect seems to be unlikely since in previously reported STS measurements of 
monolayer PTCDA films on HOPG [Lud94] a peak position of +0.7eV was observed which is 
in analogy to the situation on gold [Sat00, Hil00b] smaller than the peak position of 1.0eV 
observed in IPES measurements for 100Å thick PTCDA films HOPG [Wu97]. A nearly 
identical energy shift due to chemical bonding of the molecules in the monolayer on such 
different substrate seems to be unlikely. 
 
 Instead, the differences can also be caused by disorder in the 50...100Å thick films 
investigated by IPES. Disorder influences the polarization energies and therefore the peak 
positions in UPS and IPES experiments. This would also explain the large energetic 
difference between the HOMO peak position in UPS experiments and the LUMO peak 
position in the IPES experiments compared to the optical absorption onset energy (see the 
discussion in Chapter 3.2). 
 
 Now, the negative bias region of the normalized differential conductivity curves has to be 
discussed. It has to be compared to the UPS results of Sato et al. [Sat00 ] and Hill et al. 
[Hill00b] who found the lowest binding energy peak at -2.4eV and –2.6eV, respectively. This 
peak position explains the absence of any peak at negative bias voltages in the normalized 
differential conductivity spectra measured within the limited voltage range of -1.8V...0V. 
Occasionally, a peak in the normalized differential conductivity curves was found at –1.9V 
for the I-V-data measured within an extended voltage range. Assuming that this peak 
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corresponds to tunneling through the HOMO of a PTCDA molecule embedded in the film, 
there is a difference between the STS peak position and the UPS peak positions of 0.5...0.7eV. 
This difference could be explained following the same arguments as given in the previous 
paragraph for the LUMO peak.  
 
Table 2: Comparison of UPS/IPES data obtained from literature and the STS results presented in this work. 
(*...this peak position was not measured with the same reproducibility as the peak at +0.95eV) 
 
 HOMO-peak LUMO-peak Peak-to-peak separation 
Sato et al. [Sat00] -2.4eV 1.2eV 3.6eV 
Hill et al. [Hil00b] -2.6eV 1.4eV 4.0eV 
STS (this work) -1.9eV* 0.95eV 2.85eV 
 
5. 2.4 Conclusions 
 
 As stated in the previous Chapter, the comparison between IPES and STS data allows the 
conclusion that the STS peak at +0.95V measured on herringbone PTCDA is related to 
tunneling through the LUMO of a PTCDA molecule while the peak at –1.9V corresponds to 
tunneling through the HOMO of a PTCDA molecule embedded in the film. The slight 
differences between the STS results presented in this work and the UPS/IPES peak positions 
reported by Sato et al. [Sat00 ] and Hill et al. [Hil00b] (see table 2 for a summary) are 
possibly caused by disorder in the thicker films on polycrystalline gold substrates. The 
HOMO-LUMO-peak-to-peak separation in the STS data (2.85eV) is 0.65eV larger than the 
optical absorption onset energy of 2.2eV [Bul96] what is in good agreement with typical 
values for the exciton binding energy of large aromatic hydrocarbons. 
 
 In consecutive STS measurements on herringbone and square phase PTCDA islands, 
respectively, it could be shown that there is a difference in the energetic position of the 
molecular resonance depending on the physical structure of a molecular film. Certainly, a 
deeper understanding of that difference will require a rather complex theoretical modeling. 
However, it can be speculated that the lower bias voltage required for tunneling through the 
square phase film is caused either by a different molecule-substrate interaction when 
comparing herringbone and square structures, or by different intermolecular interactions in 
the molecular assembly. 
 
 The molecule-substrate interaction was previously found to dominate the monolayer 
electronic structure of PTCDA on Ag(100) and Ag(111) [Shk00]. Shklover et al. [Shk00] 
performed a high resolution energy electron loss spectroscopy (HREELS) study of PTCDA 
on Ag(100) and Ag(111) at (sub)monolayer and multilayer coverage. Multilayer spectra are 
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identical for PTCDA on the two substrates, but completely different compared to the 
monolayer spectra in both cases. 
 
 For the adsorption on the rather inert gold substrate, such dramatic differences between 
multilayer and monolayer spectra are unlikely to occur. This assumption is supported by 
coverage dependent UPS measurements of another large aromatic molecule adsorbed on a 
gold substrate [Pro01] showing only minor changes of the HOMO position of approximately 
0.1eV when comparing monolayer and multilayer spectra (see the UPS results for HBC on 
Au(111) in Chapter 5.3.3). Unfortunately, it was not possible to obtain reliable STS data for 
highly ordered multilayer PTCDA films on Au(100). Furthermore, no UPS or HREELS data 
for highly ordered mono- and multilayer PTCDA films on Au(100) are available in order to 
exclude differences in the monolayer compared to the multilayer electronic structure. 
 
 If the molecule-substrate interaction was heavily influencing the electronic signature of the 
adsorbed molecules one would expect different I-V characteristics when measuring on 
different molecules within the herringbone or square structure, respectively. This is because 
all the PTCDA structures described in Chapter 5.2.1 are point-on-line coincident structures. 
Hence, different molecules are not adsorbed on equivalent sites on the Au(100) surface what 
would then result in a different electronic structure. Such a dependence was not observed in 
the experiments discussed in this work. Moreover, STS measurements performed on different 
orientations of the herringbone structure on the Au(100) surface resulted in identical peak 
positions of the normalized differential conductivity. 
 
 The differences in the STS spectra measured on herringbone and square phase PTCDA 
islands is likely caused by differences in the intermolecular interactions in the two cases. 
Possibly, the differences are caused by changes in the polarization energy of the surrounding 
molecular film when comparing tunneling through a molecule embedded in the herringbone 
film to tunneling through a molecule embedded in the square phase film. 
 
 The STS results for HBC on Au(100) presented in Chapter 5.3.2 will be compared to semi-
empirical quantum chemistry calculations. In contrast, the PTCDA data are not compared to 
calculations for the following reason: Only one peak in the normalized differential 
conductivity was measured fulfilling the reliability criteria established in Chapter 2.2.4. This 
peak position would have to be used for the estimation of the solid state polarization energy. 
For a meaningful evaluation of the agreement between theory and experiment, more than one 
STS peak position has to be known. 
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5.3 HBC on Au(100) 
 
 STM and LEED results for the system HBC on Au(100) are discussed. The structural 
characterization of highly ordered HBC films on Au(100) reveals the growth of three different 
phases: a distorted hexagonal phase and two orientations of a more densely packed truly 
hexagonal structure.  
 STS data measured on HBC double layer films are presented. Not only the energetic 
positions of the frontier orbitals of a molecular species but also the energies of the molecular 
states next to these frontier orbitals are derived from the STS measurements. Tunneling 
spectroscopy measurements recorded with two different tip materials are compared. The STS 
results for the occupied electronic states are compared to UV photoemission spectroscopy 
(UPS) data of HBC on Au(111). The comparison clearly shows that the peak in the 
normalized differential conductivity at –1.4V can be attributed to tunneling through the 
highest occupied moleclar orbital (HOMO). Furthermore, the experimentally obtained STS 
results are compared to calculated normalized differential conductivity curves. For this, a 
molecular LDOS function is constructed based on the energetic positions of the molecular 
orbitals obtained from semi-empirical quantum chemistry calculations. The peak positions of 
the normalized differential conductivity curves are in good agreement when comparing the 
calculated and the experimentally obtained results. Finally, the STS results are compared to a 
theoretical characterization of the electronic conductance based on a combination of the 
Landauer Transport formalism with an approximative density-functional scheme. A scaling 
parameter is used to compensate the underestimation of the HOMO-LUMO gap within the 
local-density approximation. 
 
5.3.1 Structural characterization 
 
 The structure of HBC on the reconstructed Au(100) surface was investigated in a number 
of experiments carried out at the same deposition rate, but with varying deposition times. The 
temperature of the sublimation cell was 675K in these experiments, which corresponds to an 
approximate deposition rate of one monolayer per minute. All experiments were performed 
with the substrate at room temperature. The base pressure in the vacuum chamber was  
5×10-10mbar; during deposition the pressure was rising to 1×10-8mbar. Different structures 
were observed depending on the deposition time. Shorter deposition times of 60...70s resulted 
in the growth of a distorted hexagonal phase while deposition times larger than 70s led to the 
formation of two orientations of a hexagonal phase with the molecules being more closely 
packed than in the first phase. 
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Figure 33: a) LEED image of HBC on Au(100) at a primary beam energy of 16.6eV (distorted hexagonal 
phase). b) Simulated LEED pattern (a=b=16.1Å, γ=124.3°, δ=62.2°). The blue circles represent multiple 
scattering spots of the 0°-Au(100) reconstruction. The filled red circles and squares, respectively, represent the 
two symmetry equivalent domains of the uniaxial compressed hexagonal phase. 
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 Figures 33a and b show a LEED image of the distorted hexagonal phase and the 
corresponding simulated LEED pattern. All spots in Figure 33a can be explained as simple 
scattering spots caused by two symmetry equivalent domains of a distorted hexagonal HBC 
phase with the lattice parameters a=b=16.1±0.4Å, γ=124.3°, δ=62.2°. Here again, δ is the 
angle between the a-axis of the molecular lattice and that Au<110> direction which is aligned 
with the 0° gold reconstruction stripes. The lattice constants a and b are significantly larger 
then observed for HBC on other substrates (references are given in Chapter 3.3). It was 
already pointed out in Chapter 5.2 that it is not possible to derive from the LEED pattern 
whether the angle δ or the angle 90°-δ correctly describes the orientation of the molecular 
lattice. This problem was solved in the Chapter 5.2.1 by analyzing the contrast modulation of 
the molecular lattice in STM measurements of PTCDA on Au(100). In the case of this 
distorted hexagonal phase of HBC on Au(100) highly resolved STM images were extremely 
difficult to obtain and were not suitable for analyzing a contrast modulation.  
 
 Another possibility to identify the lattice orientation was already mentioned in Chapter 5.2. 
It was possible to image both, the adsorbate structure and the underlying gold surface simply 
by changing the tunneling parameters. The two possible orientations of the molecular lattice 
which would be consistent with the LEED image are described in Figure 34a and b, 
respectively. Real space directions and lattice vectors are drawn red, reciprocal directions and 
lattice vectors are drawn blue. The Au<110> direction which is aligned with the 
reconstruction stripes is labeled Au[110] in real space and Au[110]* in reciprocal space. The 
difference between 19a and 19b is now the choice of the Au[110] direction, or in other words, 
the choice on which of the two possible reconstruction domains the growth of this particular 
HBC domain occurs. Schematic sketches are given in 19a and b which illustrate the molecular 
arrangement. The black circles symbolize the HBC molecules, the black lines indicate the 
reconstruction stripes. 
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34: a) and b) Sketch illustrating the two possible orientations of the molecular lattice. Real space directions and 
lattice vectors are drawn red, reciprocal directions and lattice vectors are drawn blue. 
 
 These two sketches have to be compared to the STM images in Figure 35a and b. The 
images are consecutive scans and show the distorted hexagonal HBC phase as well as the 
underlying gold surface. The scan started at the bottom of the image 35a. First, tunneling 
parameters were chosen which enabled imaging of the HBC lattice (Figure 35a, bottom part, 
V=1.0V, I=0.05nA). Then, the tunneling parameters were changed (upper part, 0. 4V, 0.4nA). 
This is emphasized by selecting another color table for this part of the image. The consecutive 
scan (Figure 35b) again started at the bottom of Figure 35b, still using the tunneling 
parameters which are adequate for imaging the gold surface. Finally, the tunneling parameters 
were switched back to V=1.0V and I=0.05nA (upper part in Figure 35b). Interestingly, the 
hexagonal structure in this area indicates that the HBC layer was not destroyed when imaging 
the gold surface in the previous scan. By comparison of the STM images in Figures 35 to the 
sketches in Figures 34a and b, one can clearly conclude that Figure 34a correctly describes the 
orientation of the distorted hexagonal phase. 
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a 
 
b 
Figure 35: a) STM constant height image of HBC on Au(100), distorted hexagonal phase. (20nm×20nm). The 
tunneling parameters were changed within the scan. The areas which were imaged with different parameters are 
shown using separate color tables (bottom: 1.0V, 0.05nA, top : 0.4V, 0.4nA). b) Consecutive scan to 20a 
(20nm×20nm, bottom: 0.4V, 0.4nA, top: 1.0V, 0.05nA). 
 
 As stated in the beginning of this Chapter, deposition times larger than 70s resulted in the 
growth of two orientations of a hexagonal structure with the molecules being more densely 
packed than in the phase discussed above. These are the 22.5°-phase and the 30°-phase. A 
LEED image of the 22.5° phase can be seen in Figure 36a. This time one can derive the 
correct orientation of the molecular structure from the diffraction pattern itself, i.e. without 
the use of STM images. This is possible because multiple scattering spots caused by the HBC 
lattice and the underlying substrate are visible in the LEED image. Figure 36b and c show 
simulated LEED patterns for the orientations δ=22.5° and δ=90°-22.5°, respectively. Filled 
circles represent simple scattering spots. Multiple scattering spots are drawn as open circles. 
Different colors were used for simple scattering spots of different (but symmetry equivalent) 
domains. It has to be pointed out that the simple scattering spots in Figures 36b and c result in 
the same pattern. Despite of the simple scattering spots one can clearly distinguish multiple 
scattering pattern in 36b and c. The characteristic triangular arrangement of some of the 
multiple scattering LEED spots which are marked by the green circle enables the 
identification of the molecular orientation as a 22.5° phase, although not all multiple 
scattering spots of the simulation were observed in the experiment. These spots forming the 
triangle could neither be explained by simple scattering nor by the simulation in Figure 36c. 
The 22.5° phase was observed as well by Schmitz-Hübsch [Sch02]. 
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Figure 36: a) LEED image of the 22.5° orientation of the hexagonal structure of HBC on Au(100) (primary 
beam energy 16.1eV). A characteristic triangular arrangement of some of the multiple scattering LEED spots is 
marked by a green circle. b) Simulated LEED pattern (geometrical LEED theory) for the lattice parameters 
a=b=14.2Å, γ=60°, δ=22.5°. 
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Figure 36: c) Simulated LEED pattern (geometrical LEED theory) for the lattice parameters a=b=14.2Å, γ=60°, 
δ=90°−22.5°. 
 
 Occasionally, an additional phase was observed under similar growth conditions. This is a 
30°-orientation of a hexagonal structure of approximately the same lattice dimensions as the 
22.5° phase. It is always observed in coexistence with the 22.5° orientation and was 
previously found on Au(100) layers on KBR substrates only in STM measurements [Sch02]. 
A LEED image of the two phases is presented in Figure 37a. Multiple scattering spots can 
again be used to clarify the orientation of the HBC lattices. The filled circles and squares in 
the simulation in Figure 37b represent simple scattering spots of the 30°- and the 22.5°, 
respectively. Different domains are again differently colored. Multiple scattering spots are 
drawn as open circles independently on the orientation. The simulated pattern in Figure 37b 
explains most of the spots in 22a what would not be the case assuming an orientational angle 
of 90°-30° (not shown here). All spots of the simulations in Figures 36 and 37 are of the order 
|h| and |k| equal 0 or 1. Some additional spots visible in the LEED images in 36a and 37a can 
be explained as higher order reflexes. The values |h| and |k| equal 0 or 1 were chosen for better 
clarity. 
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Figure 37: a) LEED image of the 30° HBC phase in coexistence with the 22.5° orientation ( primary beam 
energy 11.4eV). b) Simulated LEED pattern (geometrical LEED theory) for the lattice parameters a=b=14.2Å, 
γ=60°, δ=30°. 
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 These more densely packed hexagonal HBC phases prepared at deposition times larger 
than 70s were found to form large nearly defect-free domains. The only limitation for the 
domain size seems to be the size of the Au(100) terraces, similar to the case of PTCDA on 
Au(100). Figure 38 shows a 100nm×100nm scan of a single HBC domain. Every single spot 
in this large scan represents a HBC molecule. The adsorbate lattice of this monolayer sample 
shows a contrast modulation in the STM images. For PTCDA monolayers, this contrast 
modulation was shown to be the result of a superposition of the adsorbate and the substrate 
structure. The simulation procedure for the molecular contrast was described in detail in 
Chapter 5.2.1. Figure 38b now shows the simulated molecular contrast of a 30°-HBC phase 
on the 0°-reconstructed Au(100) surface. Although the simulated image does not perfectly 
resemble the contrast modulation of the STM image in 23a, typical features are present in the 
simulation: Both the STM images and the simulation show an alternating arrangement of dark 
and bright segments of rows of molecules, as well as a long periodic contrast modulation 
along these molecular rows. 
 
 The simulation of the 22.5°- and the 30°-HBC phase on the two possible gold 
reconstruction domains show quite similar simulated contrast, in contrast to the case of 
PTCDA where the different PTCDA phases show a clearly distinguishable contrast 
modulation. An even better correspondence between the simulated and the experimentally 
observed contrast modulation may be achievable considering an adsorbate induced alteration 
of the Au(100) surface reconstruction. Such an alteration is likely to occur since it was 
already observed for HBC on the Au(111) surface [Sel01b]. However, Figure 38 demonstrates 
that HBC monolayers show a strong characteristic contrast modulation as a result of a 
superposition of the adsorbate and the substrate structure. This modulation is expected to be 
significantly weakened for HBC multilayers. Contrast modulations similar to the one visible 
in Figure 38a were routinely imaged for samples of nominally one monolayer thickness.  
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                                                                                                                   a                                                           b 
Figure 38: a) STM constant height image (100nm×100nm, V=1.0V, I=0.2nA, inset: 10nm×10nm, 1.0V, 
0.35nA). b) Simulated contrast modulation of the HBC lattice (30°-HBC phase, 0°-Au(100) reconstruction, 
36nm×36nm). 
 
 Since lattice lines of the distorted hexagonal phase coincide with the stripes of the Au(100) 
reconstruction, one might ask, whether the observations presented so far could alternatively 
be explained by the growth of a 22.5°- or a 30°-HBC phase on top of the distorted hexagonal 
phase. However, such a growth scheme would be in contradiction to the LEED images 
presented in Figures 38a and 37a where no spots of the distorted hexagonal phase are visible. 
Furthermore, a simulation of the contrast modulation of such an arrangement does not 
resemble the experimentally observed contrast modulation at all. The latter simulation (not 
shown here) was performed in the same way as the simulation of the reconstructed gold 
surface presented in Chapter 5.1, Figures 16c and 16d. 
 
5.3.2 STS on HBC on Au(100) 
 
 Tunneling spectroscopy measurements on monolayers of HBC turned out to be highly 
unstable. Reliable measurements which fulfil the criteria introduced in Chapter 2.2 were only 
performed on highly ordered films of HBC on Au(100) of nominally two monolayers 
thickness. Figure 39a shows two I-V-curves measured for two different (fixed) tip sample 
distances at the same lateral position. For this experiment, a tungsten tip was used.  
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Figure 39 a) I-V-curves measured for two different (fixed) tip sample 
distances at the same lateral position measured with a tungsten tip. 
The tunneling parameters were 0.05 nA/0.7 V. Each I-V-curve is 
averaged over 2 successive voltage sweeps. b) Corresponding 
normalized differential conductivity curves calculated following the 
procedure of Prietsch et al. (see Chapter 2.2, parameter  
b2=0.01*10-18Ω-2) [Prie91]. For better visibility the two curves in 
Figure 39b are vertically shifted relative to each other by an additive 
constant of 5. c) STM constant height image of HBC on Au(100) 
before performing the STS measurements in a. 
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The separation z1 is determined by the tunneling parameters, i.e., the tunneling current and the 
applied bias voltage, when the feedback loop is switched on. In the case of Fig. 24a these are 
0.05nA and 0.7V, respectively. These are the parameters used for imaging the sample surface. 
The corresponding constant height STM image is shown in Figure 39c. It does not show the 
strong contrast modulation discussed in the previous Section as expected for a multilayer 
sample. 
 
 The corresponding normalized differential conductance curves presented in Figure 39b 
reveal two peaks within the voltage region of -1.8... +2.0V. The peak positions are +1.8V and 
-1.4V. Then, the tip sample separation was increased by changing the z-piezo voltage when 
the feedback loop was open. At this larger separation, the applied voltage range could be 
extended to ±2.2V without overmodulation of the current pre-amplifier. Within this range, 
three peak positions in the normalized differential conductance were found, with two peaks 
being identical to the positions at the smaller tip sample separation (i.e., +1.8V and  
-1.4V). The third peak is observed at -2.0V. For better visibility, the two curves in Figure 39b 
are vertically shifted relative to each other by an additive constant of 5. It is worthwhile to 
note that otherwise, the two curves would nicely fall on top of each other due to the 
normalization applied. This indicates that the normalized results are indeed independent of the 
actual sample-tip-separation as expected if the results are thought to be related to the density 
of states [Fee86]. 
 
 It was found that a modification of the data acquisition procedure allowed to extend the 
bias voltage range up to ±2.5 V without amplifier overmodulation: the tunneling parameters 
were changed from 0.05nA/0.7V to 0.2nA/1.5V before performing the STS measurements 
(i.e., with the feedback loop being closed), thereby readjusting the tip sample distance. The 
corresponding I-V-curve is shown in Figure 40a. In this case, the normalized differential 
conductance (Figure 40b) reveals four peaks. Besides the peaks at +1.8V, -1.4V and -2.0V 
which are still clearly visible in the spectrum, an additional peak is now accessible at +2.2V. 
Again, due to the normalization, the results of this modified procedure nearly coincide in both 
energetic position and height with the former results shown in Figure 39b in the common 
voltage range. This is even more remarkable regarding the fact that the I-V-curve in Figure 
40b was measured using a gold tip instead of a tungsten tip, proving that the results are indeed 
tip-independent. This is illustrated in Figure 41 which shows the direct comparison of the 
normalized differential conductivity curves for the gold tip and the tungsten tip. Furthermore, 
it also allows a direct comparison of the experimental data with the DTF based transport 
calculations in Chapter 5.3.5 which assume a tip consisting of gold atoms. 
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Figure 40: a) I-V-curves measured with a gold tip and averaged over 2 successive voltage sweeps. The 
tunneling parameters were changed from 0.05nA/0.7V to 0.2nA/-1.5V before performing the STS measurements 
(i.e., with the feedback loop closed), thereby readjusting the tip sample distance. b) Corresponding normalized 
differential conductivity curves calculated following the procedure of Prietsch et al. (see Chapter 2.2, parameter 
b2=0.01*10-18Ω-2) [Prie91]. 
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Figure 41: Comparison of normalized differential conductivity curves obtained with a tungsten tip (red, same 
curve as in Figure 39b) and a gold tip (blue, same curve as in Figure 40b). 
 
 
5.3.3 Comparison of STS results to UPS measurements 
 
 Proehl [Pro00, Pro01] performed UPS measurements on highly ordered films of HBC on 
Au(111) surfaces. These films were prepared under exactly the same conditions as described 
in Chapter 5.3.1, but on a Au(111) single crystal. On this surface, the HBC molecules were 
found to grow in two orientations of a nearly close-packed hexagonal structure with the same 
unit mesh (within the experimental errors) as observed for the nearly close-packed hexagonal 
phase on Au(100) which was described in Chapter 5.3.1. Proehl recorded UPS data for 
different film thickness of 0.5ML, 1ML, 3ML, and 6ML using He I excitation. Results of the 
UPS measurement which are of interest for the discussion of the STS data presented in the 
previous Chapter (i.e. UPS peak positions in the range up to 2.5eV binding energy) are 
summarized in the following. 
 
 An important result of the UPS study [Pro00] is the observation of work function reduction 
upon HBC adsorption on the gold surface due to the formation of an interfacial dipole layer. 
The difference ∆ to the work function of the bare gold surface is 0.7eV for 0.5-1 ML HBC 
deposition and 0.8eV for 3-6 ML HBC deposition. 
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 Photoemission spectra were recorded at emission angles of 0° (normal emission) and 30°. 
In the experimental setup, the sum of photon incidence angle and emission angle of electrons 
is fixed at 85°. In both cases, the lowest binding energy peak position was observed for 0.5 
and 1 ML films at 1.25eV relative to the Fermi level. The position shifted slightly towards 
higher binding energy with increasing film thickness to a value of 1.35eV for the 3ML and 
6ML films (see Figure 42). The occurrence of a second and third peak depends on the 
emission angle and film thickness. In the case of the 6 ML film, the second and third peak 
were observed at 1.75eV and 2.20eV, respectively. For the thinner films, the second peak was 
observed only in 30° emission while the third peak was observed only in the difference 
spectra recorded in normal emission, as can be seen in Figure 42 a) and b), respectively. For 
the calculation of the difference spectra, the corresponding background of the bare gold 
surface was subtracted (normalized for an energetic position close to the Fermi level). These 
results are summarized in Table 3. 
 
 It is known from photoelectron spectroscopy experiments of other species (e.g., benzene 
on Ni(110) [Hub91]) that a well defined orientation of adsorbed molecules influences the 
angular dependence of photoemission peak intensities [Ste96]. This could explain the 
vanishing peak intensity at 1.7eV in normal emission and at 2.2eV in the 30° emission for 
HBC films up to 3ML thickness. Very likely, the angular dependence of the UPS spectra gets 
lost for the 6 ML film, since the molecular arrangement relaxes and the molecules of the top 
layer do no longer show the same preferred orientation as the underlying layers. This is likely 
to occur since there is no HBC bulk plane with flat lying molecules.  
 
 The sample Fermi energy is the reference point of the energy axis for both UPS and STS 
data presented in this and in the previous Chapter. As usually done in the majority of 
publications concerning photoelectron spectroscopy, positive binding energy values describe 
the position of the occupied molecular states. An energy (or voltage) axis of opposite sign was 
used for the description of STS experiments since in the experimental setup the voltage is 
applied to the sample and therefore peaks at negative voltages determine the position of the 
occupied states. This is the orientation of the energy axis which is usually chosen in 
publications about STS. Hence, the above mentioned UPS data have to be compared to the 
negative voltage range of the STS experiments described in Chapter 5.3.2. 
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Figure 42 a) and b): UPS difference spectra for 3 ML and 6 ML HBC films on Au(111) recorded for electron 
emission angles of a) 0° and b) 30°. For the calculation of the difference spectra the corresponding background 
of the bare gold surface (normalized for an energetic position close to the Fermi level) was subtracted. Some of 
the curves are vertically shifted for better visibility. The data are taken from [Pro00]. 
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Table 3: Overview over the positions of the first three peaks in the UV photoemission spectra relative to the 
Fermi level measured for different film thickness [Pro01]. The peak values marked by * ( † ) do not appear in the 
0° (30°) emission. 
Film thickness / ML 1st valence state / eV 2nd valence state / eV 3rd valence state / eV 
0.5-1 1.25 1.65* 2.25 †  
3 1.35 1.7* 2.25 †  
6 1.35 1.75 2.20 

 The UPS peak which corresponds to emission from the highest occupied molecular orbital 
(i.e. the lowest binding energy peak in the differential spectra in Figure 42) shows a peak 
position of 1.35eV for the 3ML film. This is in excellent agreement with the peak at –1.4V 
obtained in STS experiments for the normalized differential conductivity measured on a 2ML 
HBC film. The negative sign for the bias voltage is simply a consequence of the differently 
oriented energy axis as discussed before. The comparison to UPS data clearly shows that the 
peak in the normalized differential conductivity at –1.4V can indeed be attributed to tunneling 
through the highest occupied molecular orbital. The second peak in the normalized 
differential conductivity was observed at –2.0V. These two peaks at –1.4V and –2.0V are the 
only peaks within the measured range of occupied sample states (0V...-2.5V). This is different 
to the situation in the UPS experiments were three peaks were found within this range at 
1.7eV and 2.25eV (3ML film). 
 
 In conclusion, the comparison of UPS and STS shows that the STS derived HOMO 
position of HBC fits perfectly to the value obtained in the photoemission experiment. The 
situation is more complicated in the case of the STS derived HOMO-1 peak. Instead of that 
feature, two additional UPS peaks are observed in the UPS spectra. 
 
5.3.4 Comparison of STS results to semi-empirical quantum chemistry calculations 
 
 The advantage of tunneling compared to photoemission spectroscopy is that occupied and 
unoccupied molecular orbitals are probed within the same experiment. In Chapter 5.2.3, the 
STS results for PTCDA on Au(100) were compared to both, UPS and IPES data in order to 
find out whether the energetic position of occupied and unoccupied orbitals measured with 
STS can be confirmed by these methods. Unfortunately, in the case of HBC no inverse 
photoemission data are available. STS results are therefore compared to semi-empirical 
quantum chemical calculations [Fri02]. 
 
 Before turning to the calculations the question of a potential drop at the molecule-substrate 
interface should be addressed. This problem was discussed in several publications [Scu01, 
Hon00, Sum98, Han97, Dat97]. Other authors considered such a bias dependent potential 
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drop in theoretical calculations [Sum98] or used it as a fitting parameter when comparing 
calculated and experimentally obtained I-V-curves [Hon00, Dat97]. In this work, it is 
assumed that in the case of HBC on Au(100) the applied potential drops entirely between the 
molecule and the tip. This assumption is supported by the UPS data presented in the previous 
Chapter. The HOMO peak is observed at the same energetic position in the UPS and STS 
spectra, what would not be consistent with a voltage drop at the molecule-substrate interface 
thereby justifying the assumption made. These observations are similar to the results of 
Scudiero et al. [Scu01] who found excellent agreement between STS and UPS data for 
metal(II)-tetraphenylporphyrins on Au(111). Another finding supporting the absence of a bias 
dependent potential drop at the molecule-substrate interface is that the peak positions in the 
curves in Chapter 5.3.2, Figure 39b are identical although the two curves were measured for 
different tip-sample separations. If there was a fraction of the bias voltage which is dropped at 
the molecule-substrate interface this fraction should change when increasing the tip-molecule 
separation. This change would then cause different peak positions for different tip-sample 
separations. 
 
 The following steps are necessary in order to obtain the orbital energies for a HBC 
molecule embedded in a molecular film. In the first step, the orbital energies of an isolated 
HBC molecule are calculated using a semi-empirical quantum chemistry method. In the 
second step, a scaling factor is applied to these energy values compensating the lack of 
electron correlation effects in these calculations. Third, the polarization energy for a molecule 
embedded in a molecular film is estimated and all orbital energies are shifted by this value 
towards the sample Fermi energy. The last step includes the assumption that adding an 
electron to or removing an electron from the molecule results in the same absolute value for 
the polarization energy (but opposite sign). 
 
 HBC contains an extended pi-electron system. It is therefore recommended to use the 
method PM3. The implementation of this method in the software HyperChem 5.1 [Hyp] was 
utilized for the calculations. Starting from an artificially built molecule, a full geometry 
optimization for the ground state of the neutral molecule was performed. Subsequently, the 
orbital energies were calculated. PM3 is a Hartree-Fock type calculation. The orbital energies 
of filled states can be interpreted by Koopmanns’ theorem which states that the energies of 
the filled orbitals are a rather good approximation for ionization potentials. For some 
examples, it was also shown that the energies of unoccupied states obtained by semi-empirical 
Hartree-Fock type quantum chemical calculations are a useful approximation for electron 
affinities [e.g., Hil00b]. 
 
 After the calculation of the orbital energies, a scaling factor fcorr has to be applied to the 
energy values in order to compensate for the electron correlation effects which are neglected 
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in the Hartree-Fock formalism. It has has been stated by other authors that the energy scale 
has to be contracted [Kei00, Con99] . The actual value for fcorr  is chosen by comparing the 
orbital energies to experimental values, in this case to UPS data. The scaling factor has to be 
chosen in a way that the differences between the energetic position of the measured HOMO 
peak and remaining UPS peaks are aligned with the calculated HOMO energy and remaining 
occupied orbital energies. Following this procedure, we find the same scaling factor like Keil 
et al. [Kei00] of  fcorr=1.1 . 
 
 For comparison to the experimental data in Chapter 5.3.2, the ionization potentials of 
molecules embedded in a molecular film are of interest, i.e. solid state polarization effects 
have to be considered. For this, the sample Fermi energy has to be taken as reference point. 
The work function Φ of bare Au(100) is 5.2 eV [Han78]. The energetic shift ∆ due to the 
formation of a surface dipole layer upon HBC adsorption on Au(111) is 0.8eV [Pro00]. 
Assuming the same surface dipole energy shift for HBC on Au(100), a new energy scale 
E’’=E’+Φ−∆ has to be calculated (compare Figure 43). Finally, the solid state polarization 
energy can be estimated by calculating the difference δS between the quantum-chemically 
calculated and the experimentally obtained value for the HOMO energy. Then, all orbital 
energies are shifted by the absolute value |δS| towards the sample Fermi level (i.e. towards 
E’’=0). Thereby the HOMO-LUMO separation is decreased (as illustrated by Figure 43). 
 
 Once the orbital energies are obtained, it is desirable to model the normalized derivative of 
the tunneling current based on the theoretically constructed LDOS. Before calculating the 
normalized differential conductivity, a Gaussian broadening (σ=0.05eV) is applied to account 
for various broadening effects (like, e.g., due to coupling of molecular states to the substrate 
bands). A molecule-LDOS function is constructed following Equation [18] (see Figure 44): 
2
2
( )1( ) exp
22
i
Molecule
i
E V
n E ε
σσ pi
 −
= ⋅ − 
⋅ ∑     [18]. 
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Figure 43: Orbital energies for an isolated HBC molecule (free molecule) and for a molecule embedded in a 
film (solid) calculated using the semi-empirical quantum chemical PM3 method and an energy scaling factor 
of 1.1-1. The polarization energy δS is obtained by subtracting the ionization potential (determined by UPS) 
from the calculated energy of the HOMO. Φ is the work function of the bare Au(100) surface, ∆ is the surface 
dipole energy shift. 
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Figure 44: Calculated LDOS 
function for a HBC molecule 
embedded in a molecular film. 
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 The calculation of the normalized differential conductivity is performed using Equations 
[10] and [14] in Chapter 2.2, i.e., a superposition of ‘through molecule’ and ‘through space’ 
tunneling is assumed with the parameters s1=2.5Å, s2=9Å, and C=1×106. Figure 45a shows 
the calculated normalized differential conductivity curve in comparison to the experimental 
data. The most important result is that the peak positions are in nearly perfect agreement when 
comparing the two curves. Only the peak at +2.4V shows a minor variation of the peak 
position when comparing the calculated and the experimentally obtained curve. It has to be 
pointed out that this good agreement is not a consequence of the use of the numerous 
parameters as fitting parameters: The peak positions are neither affected by the distances s1 
and s2 (within the range of typical values), nor by the broadening width σ or the weighting 
factor C. The scaling factor fcorr was established in previous theoretical work [Kei00] and the 
polarization energy is estimated by comparing the calculated HOMO position and the 
ionization potential observed in the UPS measurements. 
 
 The parameters σ,  C , s1 and s2 are used to fit the overall curve shape (relative peak heights 
and overall slope) to the experimental curve. A rather good agreement can thus be achieved as 
shown in Figure 45a. Besides the overall curve shape, two restrictions have to be made when 
comparing the two curves in Figure 45a. First, there is a difference in the magnitude of the 
calculated and the experimental data. Second, the relative peak heights are also different. 
 
 The first problem can be fixed by choosing a different weighting factor C=1×107. The 
resulting curve (Figure 45b) shows values of comparable magnitude as the experimental 
results. Unfortunately, the agreement in the overall curve shape is reduced by changing this 
weighting factor. 
 
 Another difference between the curves obtained from the calculations and the experiment 
(Figure 45a and b) is the zero bias limit of the normalized differential conductivity which is 1 
for the calculated curve and 0 for the experimental curve. This discrepancy is simply a 
consequence of the applied normalization procedure of Prietsch et al. (compare, for instance, 
Figures 5b and 7b in Chapter 2.2). 
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Figure 45: a) Comparison of the experimentally obtained normalized differential conductivity (red) and the 
calculated curve (black) based on the semi-empirical quantum chemistry calculations (s1=2.5Å, s2=9Å, and 
C=2×106, σ=0.05eV). The red curve is obtained by normalizing dI/dV to I/V following the procedure of 
Prietsch described in Chapter 2.2. b) Same as in a) but using an weighting factor C=2×107. 
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 One has to point out that the model developed above is an extremely simple description of 
the experimental situation: The tunneling process is treated as tunneling through a one-
dimensional trapezoidal barrier considering a specific sample LDOS. The coupling of the 
molecule to the substrate and tip certainly plays an important role what is totally neglected 
within this model. Charging of the molecule is also not taken into consideration. A somewhat 
artificial weighting factor C has to be introduced and the tip sample separations used in the 
calculations appear to be comparably small. However, a principal agreement between this 
simple model and the experimental results is obtained. Compared to complicated, more 
realistic descriptions of the tunneling process, this method it is a useful easy-to-calculate 
opportunity for the interpretation of tunneling I-V characteristics. In the next Chapter, a more 
complex theoretical description of the tunneling process is presented. 
 
5.3.5 Comparison of STS results to DFT-based Landauer transport calculations 
 
 Gutierrez, Großmann and Schmidt [Toe02] have performed theoretical calculations 
considering a more realistic model for the description of the experiment discussed in Chapter 
5.3.2. The theoretical treatment is based on the Landauer approach to electronic transport 
combined with a tight-binding-like scheme, based on the density functional (DFT) 
parametrization within the Local-Density-Approximation (LDA) for characterizing the 
electronic structure of the HBC molecule and the electrodes. It is described in detail in 
reference [Toe02]. 
 
 The transport geometry considered consists of a Au(100) substrate (modeled by a slab of 
81 gold atoms) and a stack of two HBC molecules (referred to as HBC2) on top of it at a 
distance of 3.2Å (Figure 46). The two molecules are arranged in an A-B stacking similar to 
the case of graphite. Gutierrez et al. optimized the HBC2 structure using a DFT-LDA-LCAO 
(Linear Combination of Atomic (Valence-) Orbitals) approach which results in a molecular 
plane spacing of 3.66Å. Different arrangements of gold atoms were tested as STM tip with a 
tip-HBC2 spacing of 2.5Å. The different tip geometries are a 2×2 square arrangement and a 
pyramidal tip with one atom on top of the 2×2 square arrangement. 
 
 The arrangement of the two HBC molecules relative to each other can not be derived from 
our STM and LEED measurements. There is also no HBC bulk plane with flat lying 
molecules from which this arrangement could be derived. On the other hand, molecular 
mechanics calculations have been performed for a single HBC molecule on HOPG [Sch00, 
Sch02]. These calculations showed that the HBC molecule is arranged on the HOPG surface 
as if the carbon atoms of the molecule were belonging to a (second) graphite layer. Since the 
HBC molecule of the first layer resembles a cut-off of graphite, the two HBC monolayers in 
the calculations presented here were arranged in an A-B stacking similar to the order of the 
basal planes in graphite. 
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 Different lateral positions of the tip on the molecule were tested, but for a fixed tip 
geometry the result is quite insensitive to the lateral tip position, at least concerning the 
energy region around the HOMO-LUMO gap. Moreover, a rotation of the molecule around an 
axis perpendicular to the Au(100) surface had only minor influence on the result. 
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Figure 46: a) a) Side view of the tunnel junction showing the Au(100) substrate, two HBC molecules and a 
pyramidal tip. b) Top view of HBC on Au(100). For simplicity only one monolayer is shown. Two squares 
(labeled 1 and 2) indicate the cross sections of the 2×2-STM tip at lateral positions used in the transport 
calculations. 
 
 The calculations resulted in a HOMO-LUMO gap of 2.62eV. One has to compare this 
value to the sum of the experimentally obtained value of the optical absorption onset energy 
of 2.8eV (measured for highly ordered thin HBC films [Pro01] ) and the exciton binding 
energy (typically 0.3...0.5eV for large aromatic molecules). The comparison shows that the 
calculated HOMO-LUMO gap is to small. Although effects related to charge transfer (not 
included in the calculations) could further affect the calculated gap, the main source of the 
gap underestimation stems very likely from the LDA treatment of the exchange and 
correlation functional. This is a well-known effect of DFT-LDA [Roh93, Spr00]. 
 
 For the calculation of the normalized differential conductivity curve, it is necessary to 
make an estimation of the Fermi energy of the extended cluster described above. For this, 
Gutierrez et al. constructed the Hamiltonian and overlap matrices and solved the associated 
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eigenvalue problem. After appropriately populating the electronic states, the obtained HOMO 
level was taken as an approximation to the Fermi energy. The Fermi energy value was not 
used as a fit parameter (in contrast to many other publications like, e.g., [Tia98]). 
 
 Figure 47 shows the normalized differential conductivity for two different tip structures 
(pyramidal and 2×2 tip, respectively) calculated following the above-mentioned formalism. 
Figure 47 also shows the comparison of these calculated curves to the experimental results. 
The peak positions are of major interest. Peak widths are determined in the theory by the 
coupling to the electrodes (which is rather weak), while in the experiment additional 
broadening occurs, e.g., due to vibronic excitation and finite temperature. Therefore, the 
theoretical spectra were convoluted with Gauss-functions (FWHM=0.1eV). 
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Figure 47: Comparison of the experimental differential conductance (red curve) with the theoretical spectra 
showing results for two different tip geometries: pyramidal tip (green line) and 2×2 square tip (blue line). The 
theoretical spectra have been convoluted with Gaussian functions of width 0.1eV.  
 
 There is a nearly perfect agreement between the theoretical and experimental values of the 
HOMO peak position ( at –1.4V), in particular for the case of the pyramidal tip. For the other 
features in the spectra there is no such close correlation between the experimental and 
calculated data. 
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 As mentioned above, the HOMO-LUMO gap is strongly underestimated within the LDA-
approach. In order to compensate this effect, a linear scaling procedure for the occupied and 
unoccupied Kohn-Sham energy levels has been recently proposed [Sto99]. In Figure 48, the 
experimental data are compared with the scaled normalized differential conductance curve for 
the case of the 2×2 square tip geometry. By choosing a scaling parameter value of 1.18, a 
reasonable agreement between theory and experiment could be achieved. This allows to relate 
the first two peaks for negative (positive) bias to resonant tunneling through the first and 
second filled (empty) molecular states. 
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Figure 48: Comparison of the experimental (red) normalized differential conductance with the theoretical 
spectra (black). The voltage axis for the calculated conductance has been rescaled by a factor of 1.18. Note that 
the calculated normalized differential conductance has been plotted on a logarithmic scale (see text). The 
theoretical spectra have been convoluted with Gaussian functions of width 0.1eV. 
 
 For an easier comparison of the peak positions, the calculated curve was plotted on a 
logarithmic scale in Figure 48, while the experimental data are plotted on a linear scale. One 
should keep in mind, however, that other effects not included in the theoretical treatment may 
introduce additional corrections to the positions and intensities of the molecular resonances. 
Such corrections are, e.g., electric fields induced in the molecule in the non-linear voltage 
region, i.e. for applied bias larger than the HOMO-LUMO gap. This would require a 
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self-consistent calculation of the potential distribution in the molecular region, which 
introduces an explicit voltage dependence in the transmission function. 
 
5.3.6 Conclusions  
 
 In the case of HBC on Au(100), it was possible to derive not only the energetic positions of 
the HBC frontier orbitals in the normalized differential conductivity curves, but also the 
energies of the molecular states next to these frontier orbitals. The comparison to UV 
photoemission spectroscopy (UPS) data obtained for highly ordered HBC films of comparable 
thickness on Au(111) clearly shows that the peak in the normalized differential conductivity 
at –1.4V can be attributed to tunneling through the highest occupied molecular orbital 
(HOMO). The experimentally obtained STS results were compared to simulations based on 
semi-empirical quantum chemistry calculations as well as to a theoretical characterization of 
the electronic conductance following a combination of the Landauer Transport formalism 
with an approximative density-functional scheme.  
 
 In the first case, a molecular LDOS function was constructed based on the energetic 
positions of the molecular orbitals obtained from semi-empirical quantum chemistry 
calculations. Then, the normalized differential conductivity curve was calculated within the 
generalized Tersoff-Hamann [Ter83] picture. These calculations are fairly easily computed 
and the result contains valuable information about the tunneling process. This is shown by 
comparing the simulated normalized differential conductivity curves to the one obtained from 
the experiments which are in good agreement. The peak positions can directly be compared to 
the orbital energies obtained from the semi-empirical quantum chemistry calculations (after 
estimating the solid state polarization energy shift). In order to get a good agreement of the 
overall curve shape of the normalized differential conductivity between experiment and 
simulation, one has to introduce three parameters: two tunneling distances and a factor which 
considers a weighting between so-called through molecule and through space tunneling. The 
resulting normalized differential conductivity curve fits very well to the experimental result 
although the model used is rather simple. 
 
 The second approach is a much more realistic modeling of the experimental situation, but 
these calculations can no longer be performed on a standard personal computer. After 
introducing a scaling parameter which is used to compensate the underestimation of the 
HOMO-LUMO gap within the local-density approximation, a reasonable agreement in the 
peak positions in the normalized differential conductivity could be achieved. However, the 
peak intensities and the absolute values differ significantly between theory and experiment. 
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5.4 PTCDA on HBC on Au(100) 
5.4.1 Structural characterization 
 
 STM and LEED results for the organic-organic heterosystem PTCDA on HBC on 
Au(100) are presented. The growth scheme is very similar to that reported recently for 
PTCDA on HBC on the substrates HOPG and on Au(111) [Sch00, Sel01b]. 
 STS data measured on organic-organic heterolayers of PTCDA on HBC on 
Au(100) are shown. The observation of two different types of STS curves, depending on 
the tunneling parameters before switching off the feedback loop, is discussed. This 
Chapter is rather intended to give an outlook to future work than presenting fully 
understood results. 
 
 The growth of highly ordered organic-inorganic heterostructures of PTCDA and HBC, 
respectively, on Au(100) was discussed in detail in Chapters 5.2 and 5.3. Moreover, the 
characterization of these films with tunneling spectroscopy was shown to give insight into the 
electronic structure of these molecules embedded in the molecular films. On the other hand, it 
was shown in previous OMBE studies that ordered growth of organic-organic heterostructures 
of PTCDA on HBC is possible on different substrates (on HOPG [Sch00] and on Au(111) 
[Sel01b]). It is of particular interest to compare STS measurements recorded on organic-
organic heterostructures to those measurements performed on films which consist only of one 
of the two molecular species. Therefore, the growth of the organic-organic heterostructure 
PTCDA on HBC on Au(100) was investigated. 
 
 Schmitz-Hübsch et al. [Sch00] and Sellam et al. [Sel01b] found nearly identical growth 
schemes when comparing the deposition of PTCDA on HBC on the two substrates HOPG and 
Au(111): The PTCDA layer adopts the well known herringbone structure with lattice 
parameters close to the values of the PTCDA (102) bulk plane. The underlying HBC layer 
shows a (nearly) close-packed hexagonal arrangement which is observed also for HBC films 
which are not covered by a PTCDA layer. On both substrates, the short lattice vector of the 
rectangular PTCDA unit mesh is aligned with a lattice vector of the HBC unit cell. STM 
measurements revealed a periodic intensity modulation in addition to the contrast pattern of 
the flat lying PTCDA molecules. This two-dimensional moiré-type contrast pattern is a 
consequence of the non-commensurate growth mode of PTCDA on HBC. 
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Figure 49a): LEED image of the organic-organic heterostructure of PTCDA on HBC on Au(100) (primary beam 
energy 13.0eV). b) Overlay of the LEED image in Figure 49a with a simulated diffraction pattern (geometrical 
LEED theory, diamonds: HBC spots, small circles: PTCDA spots, large circles: Au(100) surface reconstruction).  
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Figure 49c): All 12 symmetry equivalent domains of PTCDA on top of the HBC layer pattern (geometrical 
LEED theory). d) Calculated diffraction pattern for the growth of PTCDA on top of the 30°-HBC domain 
(PTCDA: empty circles, HBC: empty diamonds) as well as on top of the 22.1°-domain (PTCDA: filled circles, 
HBC: filled diamonds). 
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 In the first step of the experiment, highly ordered HBC films of nominally 2 ML thickness 
were prepared. As stated in Chapter 5.3.2, it was only on HBC films of this thickness possible 
to perform reliable STS measurements. The deposition time was 130s at a cell temperature of 
674K. The substrate was kept at room temperature in all experiments. STM and LEED 
measurements showed that the sample surface is covered by the hexagonal HBC structure as 
described in Chapter 5.3.1. In the second step, PTCDA was deposited on top of this HBC film 
(nominally 0.7ML PTCDA, deposition time 80s at a cell temperature of 600K). 
 
 Figure 49a shows a LEED image of the organic-organic heterostructure PTCDA on HBC 
on Au(100). This rather complex diffraction pattern can be explained by a molecular 
arrangement very similar to that observed for PTCDA on HBC on the substrates HOPG and 
on Au(111), which was described above [Sch00, Sel01b]. The short real space lattice vector 
of PTCDA is aligned with a HBC lattice vector in this arrangement. In reciprocal space, the 
short vector of the PTCDA unit mesh and a reciprocal HBC lattice vector are also aligned 
(due to the specific angles between the PTCDA- and the HBC lattice vectors). This is 
illustrated in Figure 49b which shows an overlay of the LEED image in Figure 49a with a 
simulated diffraction pattern (geometrical LEED theory). The diamonds indicate diffraction 
spots caused by the HBC layers and small circles symbolize reflexes caused by the PTCDA 
lattice. In the first step only a 22°-HBC lattice (see Table 4) is considered. The four large 
circles are characteristic for the reconstructed Au(100) surface as discussed in Chapter 5.1. 
The spots which belong to different (but symmetry equivalent) domains are drawn with 
different colors. For the discussion of the LEED image, reflexes are shown in the simulation 
only for the four domains which contribute with the most intense diffraction spots to the 
experimental LEED image in Figure 49a, i.e. which are dominant on the sample surface. The 
exact lattice dimensions (Table 1) were determined by comparison of the LEED image in 
Figure 49a to a LEED image of the bare reconstructed Au(100) surface. As an example, the 
reciprocal lattice of one 22°-HBC domain (black lines) and the corresponding PTCDA 
domain (red lines) on top of it are also drawn in Figure 49b. The PTCDA diffraction pattern 
fully reflects the symmetry of the herringbone arrangement, i. e. due to the presence of two 
glide symmetry axes within the herringbone unit cell, the (h 0) and (0 k) spots are suppressed 
for odd values of h and k.  
 
Table 4: Lattice parameters for the organic-organic heterostructure PTCDA on HBC on Au(100). 
 
 a/Å b/Å ∠(a,b)/° Orientation/ ° 
22°-HBC phase 14.3±0.4 14.3±0.4 59.7±0.3 ∠(a,Au<110>)=22.1±0.4 
30°-HBC phase 14.3±0.4 14.3±0.4 59.7±0.3 ∠(a,Au<110>)=30.0±1.0 
PTCDA 12.8±0.4 19.7±0.4 89.6±0.3 ∠(bPTCDA, aHBC)=0.6±0.3 
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 There are 12 symmetry equivalent domains of PTCDA on top of the 22°-HBC layer, four 
of them are shown in Figure 49b. The whole set of simulated diffraction spots for all 12 
domains is given in Figure 49c. Two pairs of reciprocal HBC/PTCDA lattices (black/blue and 
green/red lines, respectively) are also drawn in this Figure. Nearly all spots in Figure 49a can 
be identified when comparing the experimental LEED image to the calculated pattern in 
Figure 49c. Only a few spots are remaining in 49a which do not appear in 49c. These spots 
are due to the growth of PTCDA on top of the hexagonal 30°-HBC domain. This can be seen 
in Figure 49d which shows the calculated diffraction pattern for the growth of PTCDA on top 
of the 30°-HBC domain (PTCDA: empty circles, HBC: empty diamonds) as well as on top of 
the 22.1°-domain (PTCDA: filled circles, HBC: filled diamonds). As an example, the 
reciprocal lattice of one 30°-HBC domain (blue lines) and the corresponding PTCDA domain 
(green lines) on top of it are also drawn in Figure 49d. The red circles in this simulation mark 
some of the spots which are clearly visible in the LEED image in Figure 49a but which are 
not explained by the simulation presented in Figure 49c. 
 
 It was possible to image the organic-organic heterolayers with STM. Figure 50a shows a 
40nm×40nm scan of PTCDA on HBC on Au(100). Similar to previous work about the 
systems PTCDA/HBC on HOPG [Sch00] and Au(111) [Sel01b], respectively, the PTCDA 
top layer was molecularly resolved and a moiré-type intensity modulation in addition to the 
contrast pattern of the PTCDA molecules was observed. A multiple image averaging 
procedure [Fri99, Sch00] was applied to the image in Figure 50a for better visualization of the 
moiré pattern. A specific region was marked in the image in Figure 50a. Then, the entire 
image was scanned searching for similar sub-images. A number of sub-images was averaged 
and the thus obtained image was contrast adjusted (for details of the procedure see reference 
[Fri99]). 
 
 The resulting image is presented in Figure 50b. The herringbone arrangement of the 
PTCDA molecules is clearly resolved in the lower part of the image. On the other hand, the 
moiré pattern caused by the incommensurate growth on top of the HBC film is clearly visible. 
This becomes more obvious when comparing Figure 50b to the calculated contrast 
modulation in 50c. Therein, each molecule of the PTCDA layer is represented by a filled 
circle. The gray value of each circle is related to the distance of the corresponding PTCDA 
layer lattice point to the nearest lattice point of the underlying HBC lattice (bright circles 
mean small distances, darker circles mean longer distances). The resulting Moiré pattern 
resembles the contrast modulation in the STM images given in Figures 50b. The PTCDA unit 
mesh is drawn in the inset in Figure 50c. This is to show that in the simulation the [11] 
direction of the Moiré pattern is aligned with the short vector of the PTCDA unit mesh what is 
in perfect agreement with the experimental observation (see Figure 50b).  
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Figure 50a): Constant current STM image of PTCDA on HBC on Au(100) (40nm×40nm, -0.7V, 0.05nA. b) 
Result of the multiple image averaging procedure [Fri99] applied to 35a) (23nm×23nm). c) Calculated contrast 
modulation (23nm×23nm) for PTCDA on HBC. 
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5.4.2 STS on PTCDA on HBC on Au(100) 
 
 Stable imaging of the organic-organic heterolayers with STM turned out to be much more 
difficult compared to the imaging of simple PTCDA or HBC films on Au(100). As a 
consequence, the STS results presented in this Chapter do not fulfill the criteria established in 
Chapter 2.2.4. In particular, the request of imaging the relevant surface area before and after 
recording the STS data without changes in the two images was not fulfilled. Comparing 
consecutive scans, the imaging process itself caused sample alterations in most cases (even 
without performing STS measurements). However, two types of STS curves were recorded 
depending on the tunneling parameters before switching off the feedback loop, i.e. depending 
on the tip-sample separation. These STS results will be discussed in the following. 
 
 STS results recorded at the tunneling resistance of 13GΩ (0.65V/0.05nA before switching 
off the feedback loop) are presented in Figure 51. The I-V curves in Figures 51a and 51c were 
measured using two different tungsten tips. The corresponding normalized differential 
conductivity curves in Figures 51b and 51d reveal approximately the same peak positions: a 
pronounced, narrow peak at +0.75...+0.8 V and a rather weak and broad peak at –0.8...-0.85V. 
Figure 52 shows the sample surface imaged after recording the I-V curve in Figure 51a. The 
STM image clearly shows the Moiré pattern discussed in the previous Chapter. The contrast is 
significantly enhanced when the multiple image averaging procedure [Fri99] mentioned in the 
previous Chapter is applied to Figure 52a (see inset in Figure 52). 
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Figure 51: a) and c) Tunneling I-V curves recorded at tunneling resistance of 13GΩ (0.65V/0.05nA before 
switching off the feedback loop). The curves in a and c were measured using two different tungsten tips. The 
data in 36a (in 36c) are averaged over 12 (over 2) successive voltage sweeps. b) and d) Normalized differential 
conductivity curves corresponding to Figures 51a and 51c calculated following the procedure of Prietsch et al. 
(see Chapter 2.2, parameter b2=0.01*10-18Ω-2) [Prie91]. 
 
 
 
 
Figure 52: Sample surface imaged after recording the 
I-V curve in Figure 51a (0.65V, 0.05nA, 50nm×50nm). 
The STM image clearly shows the Moiré pattern 
discussed in Chapter 5.4.2. The contrast is significantly 
enhanced when the multiple image averaging 
procedure [Fri99] mentioned in the previous Chapter is 
applied (see inset). 
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 A second type of STS curves was observed at smaller tunneling resistance of 
3GΩ (0.6V/0.2nA before switching off the feedback loop). At these tunneling conditions it 
was neither possible to image the PTCDA molecules nor the Moiré contrast pattern. 
Nevertheless those curves are presented here because they show a feature which is 
characteristic for STS on HBC films. Examples of I-V curves recorded under these conditions 
as well as the corresponding normalized differential conductivity curves are presented in 
Figure 53a and 53b, respectively. For better visibility, the curves in 53b are shifted relative to 
each other on the normalized differential conductivity scale. All the curves of Figure 53b 
show a peak at –1.4V (marked by the gray vertical line), i.e. at the same position where a peak 
was observed in the curves measured on pure HBC films. The peaks at 0.55... 0.65− − V and 
+1.4...+1.45  V are only occasionally observed in the normalized differential conductivity 
curves as demonstrated by Figure 53b. These latter two peaks are not characteristic for STS 
on HBC films. The data in Figure 53a were measured using the same tip as in the case of the 
larger tunneling resistance in Figure 51a. 
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Figure 53a): Tunneling I-V curves recorded at tunneling resistance of 3GΩ (0.6V/0.2nA before switching off 
the feedback loop) and averaged over 12 successive voltage sweeps. b) Corresponding normalized differential 
conductivity curve. 
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5.4.3 Conclusions 
 
 STS results on highly ordered thin films of HBC and PTCDA, respectively, were discussed 
in detail in Chapters 5.2 and 5.3. Starting from the knowledge of these STS results of the 
single organic species, one can speculate, what behavior might be expected for the I-V 
characteristics of the organic-organic heterosystem PTCDA on HBC. The discussions of the 
STS results in Chapters 5.2 and 5.3 were based on the assumption that the whole voltage drop 
occurs over the tip molecule distance. This assumption was supported by the comparison 
between STS results and UPS data as well as by the comparison to theoretical calculations. 
When discussing the STS results of the heterosystem PTCDA/HBC/Au(100), one has to ask 
whether this assumption is still valid. In this case, a voltage drop at the HBC/PTCDA 
interface might occur.  
 
 The experimental observations in the large tunneling resistance regime show a pronounced 
peak at +0.75...+0.8V. This peak position is close to the value of +0.95V observed for the 
LUMO peak of pure PTCDA films on Au(100). This peak could therefore be explained by 
tunneling through the LUMO of PTCDA. This explanation includes the assumption that there 
is no voltage drop at the PTCDA/HBC interface. Such a voltage drop would shift the peak 
position to higher voltages than the 0.95V observed for pure PTCDA films. Instead, the peak 
is observed at slightly lower voltages what could be a consequence of differences in the 
polarization energy shift compared to the PTCDA monolayer. Another observation is that the 
peak in the normalized differential conductivity at +0.75...+0.8V appears to be much more 
pronounced compared to the curves obtained for PTCDA monolayers on Au(100) discussed 
in Chapter 5.2.2. This may be a consequence of the fact that molecular PTCDA states are no 
longer broadened by the overlap with states of the metal substrate. 
 
 In the large tunneling resistance regime, I-V curves were recorded in the voltage range of  
–1.5...+1.0V. Besides the LUMO peak of PTCDA discussed above, one could expect the 
HOMO peak of HBC to be observed within this voltage range, since the measurements on 
pure HBC films showed a peak in the normalized differential conductivity at –1.4V. 
However, the normalized differential conductivity curves for the organic-organic 
heterosystem PTCDA on HBC on Au(100) did not show a peak at this voltage in the large 
tunneling resistance regime. Instead, a broad peak at –0.8...-0.85V with unresolved origin was 
observed.  
 
 Despite these large gap experiments, the tip is very likely penetrating the molecular film at 
smaller tunneling resistance. In this case, the characteristic HOMO peak position of a HBC 
film is observed in the normalized differential conductivity curves. Furthermore, these curves 
show occasionally additional peaks.  
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6.1 Structure  
 
 In this work, a Au(100) single crystal was used as substrate for organic molecular beam 
epitaxy. After preparation, the crystal showed the characteristic hexagonal Au(100) surface 
reconstruction. This surface reconstruction leads to a striped contrast modulation in STM 
images and to a rather complex diffraction pattern in low energy electron diffraction (LEED) 
experiments. Highly ordered organic thin films of the molecules 3,4,9,10-
perylenetetracarboxylic-3,4,9,10-dianhydrid (PTCDA) and hexa-peri-hexabenzo-coronene 
(HBC) on reconstructed Au(100) were prepared and the molecular arrangement was 
characterized in STM and LEED investigations.  
 
 In LEED and STM measurements, PTCDA was found to be arranged either in a 
herringbone or in a square structure. Six different orientations of the herringbone structure 
and five different orientations of the square structure were observed. PTCDA was found in 
STM measurements to form large nearly defect-free domains on the Au(100) surface. The 
only limitation for the domain size of the herringbone structure seems to be the size of the 
Au(100) terraces. Furthermore, the specific contrast modulations of the different herringbone 
phases in STM images of monolayers or submonolayers was discussed. This superstructure 
carries information about the underlying Au(100) surface. The dependence of the contrast 
modulation in the STM images on the specific orientation of the PTCDA domains on the 
Au(100) surface was demonstrated in simple geometric simulations. This dependence allows 
to distinguish between domains of different orientation even if an uncovered gold area is not 
visible. 
 
 STM and LEED results for the system HBC on Au(100) revealed the growth of three 
different phases: a distorted hexagonal phase and two orientations of a more densely packed 
hexagonal structure. The capability of STM to image both, adsorbate and underlying 
substrate, was used in combination with LEED data for the precise characterization of the 
distorted hexagonal phase. The role of multiple scattering spots for the determination of the 
real space structure from LEED images was demonstrated in the case of the more densely 
packed hexagonal structures. 
 
 Highly ordered organic-organic heterostructures of PTCDA on HBC on Au(100) were also 
prepared. The growth scheme of PTCDA on HBC on Au(100) is very similar to that reported 
recently for PTCDA on HBC on the substrates HOPG and Au(111) [Sch00, Sel01b], as 
shown in STM and LEED measurements. The short real space lattice vector of the 
herringbone PTCDA structure is aligned with a lattice vector of the hexagonal HBC structure.
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6.2 Tunneling spectroscopy 
 
 STS data were recorded on monolayer and submonolayer PTCDA films. Measurements on 
closed PTCDA layers at different fixed tip sample separations revealed a peak +0.95V. Other 
measurements performed consecutively on a PTCDA island and on uncovered Au(100) areas 
showed that this peak is indeed caused by the PTCDA molecules. Another set of consecutive 
measurements on herringbone and square phase PTCDA islands indicates that in the 
normalized differential conductivity the peak shape and peak position depend on the 
molecular arrangement. The peaks appear broader and are shifted slightly to lower voltages in 
the case of the square phase compared to the herringbone phase. At negative voltages, a peak 
in the normalized differential conductivity was observed at –1.9V. This feature did not show 
the same reproducibility as the peak at +0.95V. 
 
 The STS data was compared to UPS and IPES results, already published, for 100Å thick 
PTCDA films. This comparison allowed us to conclude that the STS peak at +0.95V is related 
to tunneling through the lowest unoccupied molecular orbital (LUMO) of a PTCDA molecule 
embedded in the film. The peak at –1.9V can be attributed to tunneling through the highest 
occupied molecular orbital (HOMO) of a PTCDA molecule embedded in the film. 
 
 In the case of highly ordered films of HBC on Au(100), nominally two monolayers 
thickness, it was possible to derive the energetic positions of the HBC frontier orbitals and the 
energies of the molecular states next to these frontier orbitals. Tunneling spectroscopy 
measurements were made using two different tip materials. The peak positions were +2.2V, 
+1.8V, -1.4V, and -2.0V. The peaks at +1.8V, -1.4V and –2,0V were measured for different 
fixed tip sample separations and for using different tip materials. Furthermore, it was found 
that a modification of the data acquisition procedure allowed us to extend the bias voltage 
range in the STS experiments. The tunneling parameters were changed directly before 
performing the STS measurements (i.e., with the feedback loop being closed), thereby 
readjusting the tip sample distance. In this way, the fourth peak at +2.2V was found. The STS 
results for the occupied electronic states were compared to the UPS data obtained for highly 
ordered HBC films, of comparable thickness, on Au(111). The comparison clearly showed 
that the peak in the normalized differential conductivity at –1.4V can be attributed to 
tunneling through the highest occupied moleclar orbital (HOMO). The experimentally 
obtained STS results for HBC on Au(100) were compared to calculated normalized 
differential conductivity curves. Simulations based on semi-empirical quantum chemistry 
calculations were performed. The experimental data were also compared to a theoretical 
characterization of the electronic conductance based on a combination of the Landauer 
Transport formalism with an approximate density-functional scheme. In the first case, a 
molecular LDOS function was constructed based on the energetic positions of the molecular 
orbitals obtained from semi-empirical quantum chemistry calculations. Then, the normalized 
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differential conductivity curve was calculated within the generalized Tersoff-Hamann [Ter83] 
picture. The peak positions of the normalized differential conductivity curves are in good 
agreement when comparing the calculated and the experimentally obtained results. In the 
second case, a scaling parameter is used to compensate the underestimation of the HOMO-
LUMO gap within the local-density approximation.  
 
 STS measurements were also performed on organic-organic heterolayers of PTCDA on 
HBC on Au(100). Two different types of STS curves, were observed, depending on the 
tunneling parameters before switching off the feedback loop. Tunneling through the PTCDA 
LUMO is likely to occur at large tunneling resistances at positive voltages, while tunneling 
through the HBC HOMO is a possible explanation of the STS results observed at smaller 
tunneling resistances and negative voltages. 
 
6.3 Outlook 
 
 As shown in this work, comparison between STS and UPS/IPES measurements is very 
helpful for an understanding of the tunneling process. This was demonstrated in the case of 
STS on highly ordered organic monolayers. The next step will be the comparison between 
tunneling spectra recorded on organic-organic heterolayers and UPS/IPES data. For reliable 
STS measurements of the heterosystems, it might be necessary to perform STS investigations 
at low temperatures. The reduced mobility of molecules at low temperatures enables stable 
imaging of the heterostructures.  
 
 Comparison of STS measurements performed for different stacking sequences of the 
molecular species may also give insight into the tunneling process. For this, an STS study of 
the system HBC/ PTCDA/ Au(100)  has to be performed in addition to the measurements on 
PTCDA/HBC/ Au(100). One expected result for these experiments would be a very 
pronounced peak in the normalized differential conductivity at the HBC HOMO position 
because of reduced overlap between the HBC HOMO and substrate states. 
 
 Another interesting modification of the experiments presented in Chapter 5.4.2 is to 
replace HBC by a molecular species with a larger HOMO-LUMO gap. The change of the 
barrier properties of the molecular layer which is separating the PTCDA film and the Au(100) 
surface is expected to cause changes in the tunneling I-V characteristics. Single electron 
tunneling (SET) effects can possibly be observed in such a system. 
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